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I. INTRODUCTION AND OBJECTIVES 
Corn is a native crop of Mexico (161). It was introduced to the 
United States mainland as a result of the North American explorations by 
Columbus in the late 15th century. Today, the United States is the largest 
single corn producer in the world. Corn is its most valuable crop, and is 
grown on nearly 25 percent of the productive cropland. Corn production 
has more than doubled in the last 30 years, rising from 2.1 to 5.5 
billion bushels. In 1970, United States corn production accounted for 48 
percent of the total world output (177). 
The harvest of corn has progressed from hand picking of the ears, 
through machine picking for storage in cribs, to field shelling by plcker-
shellers and recently to combines. In 1953 Hopkins and Pickard (92) 
reported that the combine cylinder could harvest and shell corn efficient­
ly. Accordingly this initiated further research and field studies of corn 
shelling. By 1956 only 3 percent of the corn for grain was field shelled. 
Since then, the practice has emerged as the preferred method of harvesting 
corn. In the last 10 years there has been a marked change from harvesting 
corn on the ear to field shelling. A field survey (178) in the com belt 
indicated the continued shift to combines for harvesting corn. The 
portion of acreage harvested by corn head on combines reached 69 percent 
in Illinois for 1971 season. Such a trend is illustrated in Figure 1 for 
Iowa, with a projected 60 percent of the acreage to be field shelled by 
1975. The combine approach has gained such favor because combines are 
universal type harvesters which may be equipped with different head 
attachments and, when appropriately adjusted, can be used to harvest all 
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types of grains. 
Grain damage is currently a tremendous problem to the entire grain 
industry. Although there has been a certain amount of damaged grain 
associated with artificial drying, the new dimension in the picture is 
harvest damage. Current estimates (11) of shelling damage range between 
38 and 62 percent in typical high moisture shelling (24 to 30 percent 
moisture content). Cracked, broken, scuffed and/or crushed kernels 
produce many fines, before and after drying. These fines affect dryer 
performance, storage characteristics and marketing opportunities. 
Mechanical damage has many adverse effects, the most important being 
the economic loss to the farmer. Bailey (12) estimates that the American 
farmer loses up to 3 cents on every bushel of corn he sells because of 
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broken kernels alone. The average amount bf screenings cleaned out before 
the grain gets to the consumer is over 3 percent, and these screenings 
are worth at least 20 cents per bushel less than whole com. Also, 
cleaning costs about one cent per bushel. This amounts to a total loss 
of approximately $75 million annually to grain producers in the corn belt. 
Damaged shelled corn molds and spoils more readily than sound corn. 
By-products of mold growth are heat, water and carbon dioxide. The germ 
is the first part o£ the grain kernel to be discolored and destroyed, but 
eventually the whole kernel will be turned brown (heat damaged) and 
commercially objectionable musty or sour odors will develop. In the 
past 5 years a new and deadly element has been increasingly identified 
with mold damage. Several fungi produce toxins which have been classified 
as carcinogens. The detectable presence of a carcinogen, such as 
aflatoxin, in any food or animal feed renders that substance unfit for 
consumption under terms of the Delaney Amendment to the Food, Drug and 
Cosmetic Act. Chemical tests can identify this substance at levels as 
low as 2 parts per billion, and it is conceivable that a single, 
contaminated kernel could cause the condemnation of a sizable amount of 
grain (87). Thus, severe grain standards have been established to indicate 
the quality of grain, and potential penalties have escalated from a few 
cents per bushel to seizure and destruction of thousands of dollars worth 
of crop. 
Despite the kernel damage criticism, combines continue to enjoy wide 
acceptance by farmers. The combines today are bigger than ever; they have 
more horsepower, larger grain tanks, more efficient drives, more hydraulic 
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applications, better operator platforms, larger headers, and more 
efficient cleaning and separating mechanisms. The threshing cylinder, 
however, has changed only in dimensions to cope with growing size of 
the machines and thus still remains the chief culprit in today's harvest 
damage. 
Industry and researchers (31, 46, 76) have directed their efforts 
to improve the shelling performance by establishing optimum operating 
parameters, yet shelling damage continues at objectionable levels. 
Several research workers (22, 67, 184) have been looking into the develop­
ment of a new shelling mechanism. A number of experimental shellers have 
been developed and tested. These innovations demonstrated less damage in 
shelling; however, their lack of high capacity and durability is the 
focus of criticism. 
The full potential of the conventional shelling cylinder has yet to 
be realized. Basic research could eventually lead to modifications that 
would substantially reduce the level of damage without adversely affecting 
the overall performance. This remains an urgent subject for investigation 
and study, and it has been partially dealt with in this work. 
Complaints about poor quality corn from all segments of the grain 
industry have multiplied since field shelling became popular. Shelling 
damage covers a wide spectrum: bruised pericarp, hairline cracks, major 
cracks, chipped kernels, crushed kernels and fines. Such damage bears a 
potential of lowering the quality in subsequent handling. It is possible 
that a load of corn with a high amount of hairline-cracked or seriously 
damaged kernels, will after a series of handling and transport operations 
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that break the kernels, end up at a much lower grade at another terminal. 
Such is the case with field shelled corn and thus a need exists to measure 
the total damage which leads to breakage in subsequent handling and 
transport. McGinty (119) reported that an increase of 2 percent in corn 
fines during handling may cause a loss of 2 or more cents per bushel. 
The lack of reliable, easy and quick techniques or procedures to test a 
sample of corn for damage presents a problem. Presently, for research 
purposes, individual kernels are examined visually by different methods 
(1) which are slow, cumbersome, expensive and subjective. 
Setting limits on allowable damaged grain may become a future 
practice, especially if fast and reliable methods of damage determination 
can be found. This need places emphasis and priority on the search for 
new methods, and/or the exploration of areas that could possibly lead to 
the development of reliable equipment that would measure the total amount 
of damage in a sample of corn, and preferably other grains, efficiently, 
quickly and economically. 
The economic significance of shelling damage, the demand for informa­
tion necessary to reduce shelling damage, and the growing need for methods 
to measure total shelling damage were reasons which led to the selection 
of this research topic and the following objectives: 
1. To construct a laboratory stationary sheller with a conventional rasp-
bar cylinder. 
2. To evaluate shelling damage and throughput along the concave. 
3. To investigate the effects of ear orientation on total shelling damage 
and on force distribution along the concave. 
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4. To investigate the feasibility of using physical and rheological 
properties of shelled corn to evaluate shelling damage. 
The common denominator of these objectives is corn kernel damage 
caused in the shelling process. The subject matter of this research 
will be presented in the sequence of the objectives. 
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II. REVIEW OF LITERATURE 
Several publications pertaining to corn shelling and other related 
subjects have been reviewed by the author in accordance with the objec­
tives stated previously. The main topics included in the survey and 
reported in this section are; 
A. Historical development of corn shelling 
B. Shelling performance of the rasp-bar combine cylinder 
C. Recent developments in corn shelling 
D. U.S. official grain grading standards 
E. Methods of evaluating mechanical damage 
F. Physical and rheological properties of agricultural products. 
A. Historical Development of Corn Shelling 
The development of small grain threshing methods and the development 
of corn shelling methods evolved independently at different times, but in 
recent years many of the principles of small grain threshing have been 
adapted into corn shelling mechanisms. 
Threshing of small grains is an ancient art. It is the process of 
removing the kernel or grain, uncrushed and unbroken, from the head to 
which it is attached. From the times of ancient civilizations, through 
Biblical times and presently in many developing regions, heads of grain 
are manually beaten out or the grains are trodden by the hoofs of 
animals. Later in the western hemisphere this was accomplished by the 
hand flail which developed into the flail threshing machine (Figure 2,a). 
Wieneke (194) reported that modern threshing techniques for small grains 
8 
Figure 2. a - Flail threshing machine; b - Meikle's threshing cylinder. 
began with, the invention of the cylinder-concave mechanism (Figure 2,b) 
patented by Andreas Meikle, a Scotsman, in 1785, This threshing technique 
has not changed essentially since then. Nevertheless, numerous sugges­
tions and experiments have been made in order to improve or replace this 
principle. 
Gaspers (33) has divided the small grain threshing systems into 4 
major groups: 
1. Tangential system 
2. Axial-tangential system 
3. Axial-tangential-radial system 
4. Radial system. 
These categories along with some examples that had direct bearing on corn 
shelling are shown in Figure 3. Among these 4 systems, the tangential 
system initiated by Andreas Meikle has found widest acceptance in Europe. 
Later it was introduced into the United States. The modern combine 
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Figure 3. Threshing systems. 
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cylinder used in threshing small grain, which incorporates this principle, 
is illustrated in Figure 3,a. 
Historically, native methods of corn shelling originated in North 
America. The American Indian shelled com by rubbing the ear against a 
sharp-edged stick placed across a basket, or tied a bunch of cobs 
together in circular form, making what they call Olotero. They rubbed 
the kernels off by hand against this device. Another way was simply to 
rub the ears together in a grinding motion (99). 
Corn was an alien crop for the first European settlers in the United 
States. The geometry of the ear and the structure of the plant rendered 
the shelling process a challenging endeavor. At the beginning, the tradi­
tional animal methods were used to tramp the corn off the ear. Later some 
attempts were made to improve upon these methods of shelling. Ardrey (6) 
reported that scraping or rasping the ears upon a bayonet fixed across a 
tub, into which the grain fell, became a common practice. Next the 
concept of the hole sheller was developed. This consisted simply of a 
hole smaller than an ear, through which the cob was driven, losing its 
kernels on the way. This concept was incorporated in the single hole 
hand-powered sheller (Figure 4,a) in about 1800. 
Improvement of these, elementary methods led to the development of 
better shellers. The first efforts were directed towards shelling only, 
the next to separating or removing the cobs, then the chaff and litter, 
and lastly to increasing capacity and improving overall performance. 
The British, being established as leaders in industrial arts, 
developed the first mechanical corn shellers. Jackson (99) reported that 
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the first picker wheel (Figure 4,b) or spring sheller was built in 
England in the early 1800's and brought into the United States about 
1830. These were marketed under the Clinton and Burall brand names. 
The development of corn shellers parallels that of the advancement 
in corn planters and cultivators. As the processes of planting and 
cultivating were hastened and facilitated, a more effective process of 
shelling was sought. Records showed that 369 patents for corn shellers 
or improvement had been issued by 1880 (99). Some examples of these 
are shown in Figure 4,c. The first machines were designed to handle a 
single ear at a time, and were driven manually. With the increase in 
capacity, animal power, and later, steam power were adapted to shelling. 
The addition of power to stationary shelling occurred about 1840, and 
coincided with the development of the cylinder sheller (Figure 4,d). The 
increase in capacity of shellers has depended upon this addition of power, 
and led to the improvement in design of the different parts of the 
machine. Both spring and cylinder shellers used in the 1940*s were only 
improved versions of those used a century earlier. 
The application of the tractor to farming around 1910 opened new 
opportunities for the corn picker. The power take-off, added in 1926, 
increased the efficiency and reliability of the picker. By 1933 the 
picker became widely accepted in the corn belt as labor costs began to 
rise (99). 
The availability of the picker had encouraged considerable experi­
mentations with shelling in the field. By the late 1940's the cage 
sheller (Figure 4,e) was a popular option in corn pickers and is still 
c © 3 a  J ?  
Figure 4, Development of corn shellers. 
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used by a few farmers. 
In 1950, a search for a machine with higher field capacity and 
better safety features for field shelling of corn was initiated at the 
University of Illinois (67). A conventional small grain rasp-bar combine 
cylinder (Figure 4,f) was used in a laboratory test. From a series of 
experiments conducted by Hopkins and Pickard (92) in 1952, it was 
concluded that the rasp-bar cylinder can be used to shell corn efficiently. 
This conclusion has served as a cornerstone for the rapid change in corn 
harvesting systems. Since that time the combine has emerged as a 
universal harvester and has become a major piece of equipment on 
mechanized U.S. cornbelt farms. 
B. Shelling Performance of the Rasp-Bar Combine Cylinder 
Since the introduction of field shelling of corn by combines, many 
farmers have changed from ear-corn harvesting to high moisture, field 
shelling systems. This practice has brought into focus the problem of 
mechanical damage to com kernels. Considerable effort has been directed 
toward examination of the parameters relevant to the operation of the 
combine cylinder and toward evaluation of the damage suffered by the 
shelled grain. Shelling is a complex process and no single factor can be 
held responsible for the mechanical damage during the shelling process. 
Two categories of parameters, however, have been reported by research 
workers: biological parameters and machine parameters. 
Of the biological effects, kernel moisture content has been the main 
concern of most researchers. Hall and Johnson (76), Morrison (134), 
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Pickard (142) and Waelti (187) all report that mechanical damage increases 
with increasing moisture content at harvest. Mahmoud and Kline (123) 
reported that minor haircrack type mechanical damage is inversely propor­
tional to kernel pericarp thickness. Waelti (187) has established 
relationships between other physical properties and mechanical damage in 
shelled corn. Through multiple regression analysis he concluded that 
kernel detachment force, kernel deformation and cob strength may 
significantly influence mechanical damage. 
The study of machine parameters has been more extensive than the 
study of biological parameters. Numerous studies have dealt with different 
aspects of combine cylinder performance. Factors that have been of 
special interest are cylinder speed, concave clearance, type and number 
of cylinder bars, angle of feed and machine feed rate. 
An extensive study with rasp-bar cylinders was reported by Hopkins 
and Pickard (92) . Investigations were conducted on the effect of cylinder 
speed, number of rasp-bars, concave clearance and angle of feed on 
threshing efficiency and grain damage. From his experiments the optimum 
operating values for these parameters were established. Also, Arnold (9) 
reported similar results for machine parameters. 
Concave clearance has been reported as a significant factor in 
regard to kernel damage by Alderson (2) and Hall and Johnson (76) . On 
the other hand Walton, as reported by Brass (22), found concave clearance 
was significant only at the higher cylinder speeds and higher kernel 
moisture content. 
Pickard (142) and Morrison (134) reported on modifications of cylinder 
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and concave bars. These modifications included steel and rubber covered 
angle cylinder bars in combination with rubber concave bars and rubber 
covered concave plates. Their studies demonstrated that such modifications 
cause an increase of kernel damage in comparison with conventional 
components. 
Thus, the use of the combine rasp-bar cylinder predominates today for 
high capacity field shelling of corn. The cylinder performance can be 
significantly improved by operating at recommended levels of the biologi­
cal and mechanical parameters. Although such practices may not eliminate 
damage, they can reduce it. Even with this reduction of damage, the 
commercial corn buyers and processors claim detrimental effects to their 
finished product. 
C. Recent Developments in Corn Shelling 
The conventional rasp-bar combine cylinder has been empirically 
adapted for corn shelling and the resulting high level of shelling damage 
has opened new frontiers in research. Understanding the mechanics of the 
shelling process and the reduction of shelling damage have been the major 
objectives in recent research work. 
Several theories have been developed to explain the shelling process. 
The formulation of a theory of the shelling process descriptive of the 
actual phenomenon implies a dynamic analysis of the problem. Because of 
the complicated structure of the ear and the heterogenous nature of the 
material, however, most researchers have resorted to a quasi-static 
approach using idealized models. 
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In studying corn shelling in the conventional combine cylinder, 
Waelti (187) pursued a theoretical analysis of the process. He described 
the forces acting on an ear of corn in the shelling cylinder by Figure 5,a. 
Based on the geometry of the ear and the kernel, he developed theoretical 
equations to predict the external force necessary to shell one, two and 
three rows of kernels. He also indicated that the parameters which must 
be considered in the analysis of kernel detachment forces are: 
1. The strength of the kernel pedicel. 
2. The force and acceleration imparted by the applied load. 
3. The angle between the kernel axis and the kernel sides. 
4. The friction angle between adjacent rows of kernels. 
No experimental verification was made for any of the derived prediction 
equations. 
Waelti also observed, in tests conducted by throwing ears of corn 
against a wet painted floor surface, that kernels that hit the floor were 
not shelled and were not damaged, but all kernels around them were removed. 
This applied only to low moisture corn. 
Supplementing these observations, a corn shelling theory has been 
proposed by Halyk (77). The theory was developed through a procedure 
which reduced the mechanics to a two-dimensional problem. By making the 
following assumptions the problem was reduced to the plane stress case: 
1. The kernels and cob are composed of a rigid material. 
2. The kernel shape closely approximates that of an ordinary 
truncated wedge, and 
3. The pedicel behavior can be approximated by the reaction of 
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an appropriate vlscoelastic connector. 
Halyk reported that a different reaction could be expected from 
applying radial compressive loads to kernels as compared to their reaction 
to radial tension. He represented this difference in behavior by differ­
ent models. The aggregation of these models was used to represent a 
cross-sectional plane of an ear of corn (Figure 5,b). The application of 
radial load P on a kernel was transmitted directly to the cob through the 
cupule. Upon an increase in the applied load P, it was hypothesized that, 
at first, the kernel depression would serve only to take up the clearance 
spaces between the rows of kernels around the circumference of the ear. 
Additional loading and kernel radial movement would cause tensile and 
bending forces on the pedicels of adjacent kernels because of the wedging 
action of the kernels in the available circumferential space. Thus, 
initial shelling would occur by failure of the pedicel of the kernel 
adjacent to the loaded kernel because this element is subjected to the 
greatest strain. Equations were developed to predict the elongation of 
the pedicel for the two principal cases associated with the circumferen­
tial movement of the kernels; 
Case 1: This occurs when elongation of the pedicel in the adjacent 
kernel (g = 1) is sufficient to cause fracture. From the geometry of 
the problem, it was shown that 
Eg = {[R^^ + r/ - 2R^R^ COS (j + f - g)?] - R^ + 
for g = 1, 2, n/2 - 1 
Where = elongation of pedicel of kernel g 
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= inside radius of kernels 
= radius of cob at periphery 
j = number of clearance angles completely taken up between loaded 
kernel and the point diametrically across 
f = fraction of one clearance angle taken up by a kernel 
g = kernel number with g = 0 denoted loaded kernel 
Y = clearance angle between kernels prior to loading 
n = number of rows of kernels 
It can be noted from the above equation that the elongation of the 
pedicel in the adjacent kernel (g = 1) is greater than that of any of the 
other pedicels. Halyk noted also that no elongation is possible in the 
pedicels of the kernels that are unaffected by circumferential movement. 
Elongation of the pedicel to the point of fracture denotes the initiation 
of shelling. 
Case 2; This occurs when all of the clearance angles between kernels 
have been occupied. This condition has been shown to take place when 
displacement X of the radially loaded kernel becomes 
R Sin J Y 
Y = 
Sin a 
Where a = one half the angle included by a kernel. 
Halyk attempted laboratory verification of his theory by quasi-static 
tests on typical ears of corn. It was observed that shelling occurred in 
the row adjacent to the loaded kernel as predicted by the theory. 
However, consistent results were only obtained with ears having relatively 
tight fitting rows of kernels and with moisture contents of less than 15.3 
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percent wet basis for the grain. 
Johnson et al. (100) conducted three major tests in an attempt to 
explain force transfer between the cob and kernels. In the first test, 
two symmetrically opposite sets of two adjacent rows of a corn ear were 
shelled by hand. Transverse loading was induced by compressing the 
exposed cob surface between the jaws of a vise using a properly shaped 
wedge so that no contact was made with any kernel (Figure 6,a). Force 
was applied until the cob failed visibly. For this test it was observed 
that the cob failure resulted in four quadrants and no shelling was 
initiated. 
In the second test, ears were shelled as in the first test, but the 
force was applied to the kernels (Figure 6,b) . It was observed that 
kernels adjacent to the exposed part of the cob were sufficiently displaced 
to effect detachment. Once kernels from the exposed row were detached, 
kernels of the adjacent row started turning toward the exposed portion of 
the cob. 
In the third test, several ears were-cut at both ends leaving the 
middle cylindrical portion of the ear. A few layers of kernels were 
removed at both ends, exposing about 1/4 inch of the cob. The trimmed 
specimen was axially compressed between the jaws of a vise (Figure 6,c). 
It was also observed that kernels started to turn toward the exposed 
portion of the cob and were detached progressively in the longitudinal 
direction. The ear ultimately broke into two pieces due to buckling. 
Based on the structural characteristics of the corn ear and from the 
tests discussed, it was assumed that kernels are uniform rigid wedges 
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Figure 6. Transverse loading of an ear of corn. 
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attached as cantilevers to the surface of a hollow elastic cylinder. A 
theoretical analysis was derived from an idealized ear cross section. 
Equations were formulated for radial force, tangential force, and also 
for the bending moment at the attachment of the kernel. Further, it was 
postulated that a kernel is detached if the tensile stress at its point 
of attachment exceeds the strength of the attachment. It was assumed 
that this tensile stress can be estimated by the formula. 
T. M. 
Where = radial force along the attachment 
A = area of the cross section of the tip attachment 
= bending moment at the attachment, and 
Z = section modulus of the tip attachment. 
It was also proposed that shelling can be explained by assuming the 
cob to be a hollow thin elastic cylinder, subjected to two opposite forces 
uniformly distributed along its length. With reference to Figure 6,d the 
curvature of the segments C D and C' D' would decrease whereas that of 
the segments C C' and D D' would increase under the load P. Due to the 
reduction in the curvature of the segment C D, the kernels attached to it 
may experience additional moment. Also, the increase in the curvature of 
the segment C C' may cause the kernels attached to disconnect from the 
segment. The kernel near D would possibly fail under the conditions of 
unilateral loading. No equations were developed to describe this 
behavior, however, laboratory ear failure and deformation tests conducted 
by the researchers verified that shelling is caused primarily by bending 
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kernel-cob attachments. This bending is induced by moments of side 
contact forces as cob or kernel attachment deformation wedges the kernels 
together. 
These theoretical formulations have not resolved the mechanical 
damage question; however, they provide better understanding of the 
shelling process and have initiated new thinking in the design of corn 
shellers. 
In response to the high level of damage caused by the conventional 
combine cylinder in corn shelling, some machines have been developed 
that reduce such undesirable performance. U.S.D.A. engineers (184) 
designed an experimental continuous belt sheller (Figure 7,a). This 
device is called the "squeeze sheller" and mainly consists of two endless 
rubber belts. The belts rotate in opposite directions at different speeds. 
The ears of corn roll through the unit and are shelled with an intensify­
ing action. The squeezing action is maintained by adjustable air 
pressure applied to an air cylinder located at the discharge end. It 
was observed that the belt sheller is very efficient in shelling low 
moisture corn with no apparent damage. The low durability of the belts, 
low capacity of sheller, and the decrease in shelling efficiency at high 
moisture are the major faults of the system. 
The continuous belt concept was introduced at the turn of the century 
for threshing. A continuous belt header and thresher patent was issued to 
Evans in 1899 (177). Evans' thresher consists of a cutterbar, a reel and 
two continuous belts running in the same direction at different speeds 
(Figure 7,b). This combined header and belt thresher was designed for 
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Figure 7. a - U.S.D.A. belt sheller. 
c - Fox's roller sheller. 
b - Evans's belt thresher, 
d - Brass's roller concave sheller. 
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harvesting small grains. Information about the performance of the unit 
is not available. 
The squeezing and rolling principle of the belt sheller is used also 
in the rubber roller sheller designed by Fox (67) . The machine consists 
of two smooth surfaced tires mounted and rotated at differential speeds 
in the same direction (Figure 7,c). Fox hypothesized that the repeated 
combination of compression, low impact and centrifugal force induced by 
the rubber roller sheller would reduce the strength of the kernel 
attachment to the cob. The wedging action of the kernels and centrifugal 
force cause failure of the fatigued attachment and the grain is shelled 
as the ear is rotated between the rollers. 
It was reported that the kernel damage of corn shelled by the rubber 
roller sheller ranged from 9 percent at 30 percent moisture content to 
6 percent at 22 percent moisture content, while percent damage for corn 
shelled in a conventional rasp-bar combine cylinder has ranged respective­
ly from 30 to 15 for the same moisture contents. However, it was also 
reported that the shelling was unsatisfactory with unhusked ears. Fox 
also noted difficulties in feeding and recommended some improvements. 
Brass (22) has developed au improved experimental roller sheller. 
This sheller (Figure 7,d) consists of a smooth tread primary roller and 
a concave. An orientation roller was made from a series of smaller 
smooth wheel tires. Both a round steel bar concave, and a rubber bar 
concave were utilized in the new machine. Tests at different roller 
pressure, concave clearance, and roller speed indicated that this roller 
sheller inflicted a lower level of damage upon the grain at all levels of 
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grain moisture content than the cylinder-type sheller. It was observed 
that the rubber covered concave bars reduced damage more than the 
steel bars at the lower moisture contents tested, but caused a greater 
amount of damage than the steel bars at the highest moisture contents. 
The roller concave sheller was found to be less sensitive to the various 
machine adjustments than the cylinder type sheller. 
Inherent problems were observed in the roller type shellers. Feeding 
problems and lower shelling efficiency at high moisture are major 
obstacles awaiting solution. Excessive tire wear is likely to be a 
problem also. 
From this portion of the literature reviewed, the author realized 
that the conventional rasp-bar cylinder is going to remain in the market 
for a considerable number of years. Any research that would provide 
adequate information to improve performance is likely to receive more 
attention at this stage rather than a complete change of the conventional 
system. Some pertinent research findings established by the author will 
be discussed in detail in later chapters. 
D. U.S. Official Grain Grading Standards 
About the middle of the 1800's as farmers moved farther westward, 
they found that they had to ship their grain back to distant points in 
the east. There was a need for common language to describe the quality 
of grain that was sold. In the 1850's the Chicago Board of Trade made 
the first attempt to describe wheat quality. Later they assigned numbers 
to grades (3). Following this lead. Boards of Trade in other cities and 
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states established standards and appointed inspectors. It was found, 
however, that there were still problems because there were many disagree­
ments regarding terms like "dry", "plump", "damp", and "sound". This 
situation created much pressure for some kind of unified grading system. 
The Congress, after considering some 26 different bills, finally passed 
the Grain Standards Act. At the time of enactment, in 1916, only the 
standards for corn were promulgated. Standards for other grains were 
later added in quick succession. The grades and grade requirements are 
established by the U.S. Department of Agriculture. From time to time, 
the standards have been revised to reflect changing conditions and the 
needs of the grain industry. 
Factors in the Official Grain Standards of the United States for corn 
(185) that determine grades include: 
1. Classes or colors, such as yellow corn, white corn or mixed 
corn • 
2. Factors that determine the numerical grade such as moisture 
content, test weight per bushel, foreign material, damaged 
kernels, heat damaged kernels and the presence of stones of 
other substances of similar hardness that do not disintegrate 
readily in water. 
There are six grades for shelled corn. The highest numerical grade 
is No. 1 and the lowest is No. 5, however, the sixth grade is known as 
sample grade and is the lowest of all. If one or more of the grading 
factors do not meet requirements of the numerical grades, the grain falls 
into the category of sample grade. Grain that is heating or sour, or has 
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Table 1. U.S.D.A. grades and grade requirements for yellow corn (185, 
p. 2.3) 
Grade^  
Minimum 
test 
weight 
per 
bushel 
Moisture 
Cracked 
com and 
foreign 
material 
Damaged 
Total 
kernels 
Heat 
damaged 
Pounds Percent Percent Percent Percent 
1 56 14.0 2 3 0.1 
2 54 15.5 3 5 .2 
3 52 17.5 4 7 .5 
4 49 20.0 5 10 1.0 
5 46 23.0 7 15 3.0 
S^ample grade shall be corn which does not meet the requirements 
for any of the grades from No. 1 to No. 5, inclusive; or which contains 
stones; or which is musty, or sour, or heating; or which has any 
commercially objectionable foreign odor; or which is otherwise of 
distinctly low quality. 
objectionable odor, contains unseparable stones, or unsafe for storage or 
transportation is, also, graded as sample grade. The numerical grade of 
corn is determined by the factor on which it grades the lowest in 
accordance with the U.S. grading specification shown in Table 1. 
The grain traded in commercial channels is merchandised on a graded 
basis. The purpose of grading is to reflect the value of various lots of 
grain, and to enable buyers to select the right grade for the intended use. 
In grain trading, grain is bought and sold on a price quotation of 
a standard trading grade such as No. 2 corn. The standard trading grade 
is chosen to minimize the number of computations necessary to assess 
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discounts and premiums. Placing the price quotations on a grade standard 
allows comparison of bids, premiums and discounts (176). 
Presently farmers with high quality grain usually do not receive 
premiums on their product. This has been of concern to many farmers. 
The lack of premium penalizes the individual with grain of superior 
quality, and has encouraged blending poorer lots of grain with higher 
quality grain to meet requirements for contracted grades. 
In recent years the U.S. Grading Standards have been under constant 
criticism by several agencies (12, 73, 126, 176). Maywald (126) noted 
that the grading system has been resistant to changes and very little has 
been done to cope with the technological progress in the farming industry. 
It was also pointed out that the system has been tardy in recognizing the 
need for better sampling methods and equipment. The numerical grades 
currently used to measure the quality characteristics of corn are out 
dated. They also are counter-productive because they penalize the 
producer and furnish the user insufficient and often misleading 
information. 
Most of the criticism has been directed towards test weight, 
moisture content, and cracked corn and foreign material as the major 
factors in determining numerical grades. Detailed information and discus­
sion of these factors are presented by several research workers (12, 17, 
103, 176). In this section, only mechanical damage will be briefly 
discussed. 
The numerical grading system was established at a time when corn was 
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shelled at low moisture with minimal damage. The adoption of combining 
corn at high moisture has introduced substantial levels of kernel damage. 
Combine shelled corn contains a small portion of grain fines, however, 
the bulk of the kernels are seriously damaged. Such damage includes 
crushed or chipped kernels, and kernels with hairline cracks. The 
contemporary grading system does not account for all types of mechanical 
damage. The cracked corn and foreign material referred to in Table 1 is 
determined by sieving through a 12/64 inch round hole sieve. Any cobs or 
matter other than corn that does not pass through the sieve is also 
included as foreign material. The percentage of foreign material is 
computed from the weight of the material removed and the weight of the 
original sample. 
Typical foreign material discounts are 1 cent for each 1 percent, or 
fraction thereof, between 3 and 5 percent; and 2 cents for each 1 percent, 
or fraction thereof, over 5 percent. Upper limits on foreign material 
may be specified by grain buyers with special agreements for samples 
containing over 8 to 10 percent (176). The foreign matter not only lowers 
the grade of the corn but is also subtracted from the total weight of the 
load of grain. Thus any broken kernels that pass a 12/64 screen in the 
foreign matter is actually given by the farmer to the purchaser of the 
lot of grain. 
The present system accounting for broken corn and foreign material 
places overseas grain buyers and processors at a great disadvantage. 
The grade of a merchandized lot of corn is determined at the location of 
purchase. Subsequent drying and handling increases the percentage of fines 
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and lowers the quality of grain at delivery points. Grain customers 
abroad are becoming more aware of the poorer quality of grain delivered 
from the United States and more attention is directed towards other 
competing countries, such as Mexico, Argentina, and South Africa. Bailey 
(12) observed that com produced in these competing countries, where it 
is naturally dried in the field and harvested by hand, is of superior 
quality compared to the corn imported from the United States. The 
prospective loss of the overseas market has aroused the concern of all 
parties involved in corn production. A need to introduce total 
mechanical damage, including hairline cracked kernels as well as small 
fines, as a grading factor has been expressed by most parties in the grain 
industry. Adoption of such inclusions would require efficient and 
expedient techniques and/or methods for evaluating total damage (103, 119). 
Experimental procedures developed in the research of this thesis to 
evaluate total damage are discussed in later sections. 
E. Methods of Evaluating Mechanical Damage 
Mechanical damage definitions and measurements are numerous in the 
literature. The most commonly used is the one established by the official 
grain standards of the U.S. Department of Agriculture (185). It defines 
broken com (called foreign matter) as that portion which will readily 
pass through 12/64 inch round hole sieve. It has been very difficult to 
evaluate the amount of damage present in shelled corn and to determine 
how this damage affects the value of the grain in the light of its ultimate 
use. Each segment of the corn industry has a unique set of desirable 
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quality factors because of the varied use of the product. The following 
factors outlined by Kaminski (103) broadly relate the effects of damage 
to grain quality for different users: 
1. Numerical grade - The U.S.D.A. grain marketing standards relate 
price to overall seed quality and the farmer is interested in 
obtaining the highest return for his grain. 
2. Storability of grain - Grain damage affects the quality and 
accelerates the dry matter loss of grain stored under specific 
conditions for a certain period of time. 
3. Handling ability - In the export of grain, there is an interest 
in evaluating mechanical damage to grain on the basis of its 
resistance to additional breakage during subsequent handling. 
4. Seed viability - A seed grower evaluates seed on the basis of 
its capability of developing into an acceptable seedling. 
Damage evaluation procedures can generally be divided into discrete 
and bulk tests. A discrete test considers each individual kernel and 
evaluates it with respect to damage. The principal advantage of this 
procedure is that each damaged kernel is noted and not obscured by the 
total mass. The discrete tests have been conducted mainly by visual 
inspection. These tests are very time consuming and human fatigue influ­
ences the results. Several researchers (134, 157, 169) have used visual 
inspection to evaluate shelling damage. They defined mechanical damage 
as the percent of total weight consisting of fines, chipped kernels and 
kernels with hairline cracks on the seed coat. This definition is more 
inclusive than that in the official grain standards. 
32 
Visual examination has been improved by using Fast Green FCF dye 
which accents seed coat cracks. The dye enters through the cracks in the 
damaged seed coat staining the endosperm. After the dye is washed off the 
surface, the stained areas are easily detected. The Fast Green dye has 
been widely used by investigators (11, 67, 108, 187), however, it was 
observed that tips of kernels and silk points on the pericarp take up the 
dye and were quite often counted as minor ruptures. 
Since mechanical damage occurs on a continuous scale from hairline 
cracks to complete breakage, some research workers (22, 108, 123) have 
divided the damaged portion of a sample into several severity categories. 
This classification has provided better description for the damage 
inflicted in shelling. However, difficulties are encountered in classify­
ing borderline cases and human judgment also affects the results. 
Waelti (187) reported that the Agricultural Marketing Service of the 
U.S. Department of Agriculture developed a chemical method for damage 
detection. An indicator solution of 100 milligrams indoxyl acetate, 25 
milligrams ethanol and 75 milligrams distilled water is used. After 
immersion of the seeds in the solution, they are exposed to ammonium 
hydroxide fumes and within a minute cracked seeds turn blue. This method 
has been noted effective only for legume seeds and is not satisfactory 
for corn. 
For the determination of mechanical damage in Scots pine seed Kamra 
(104) used an X-ray contrast method. Organic contrast agents were 
urugrafin, umbradile, and barium chloride. When the seeds were treated 
with these agents, only the damaged tissues became impregnated with the 
chemical. The impregnated areas showed up as dark spots on the X-ray 
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pictures. 
Thompson and Foster (170) reported that stress cracks in corn induced 
during drying account for the increased breakage in subsequent handling. 
They used a candling method for determining internal stress cracks in 
individual corn kernels. A 150 watt incandescent light source was 
enclosed in a box below a small rectangular glass-covered hole. The 
kernels were positioned over the hole, holding the embryo side toward the 
light source. Cracks were readily detected and classified according to 
patterns. 
Germination tests are used by all seed producers to evaluate seed 
quality. Mechanical damage is only one of many factors that affect the 
results. Frost, disease, and insect damage reduce germination while 
partial kernels will germinate if the germ is not damaged. Kolganov (110) 
investigated the effect of mechanical damage on germination, germination 
energy and growth vigor of wheat. Damaged wheat seeds germinated well, 
however, growth vigor was reduced. There was a marked reduction in the 
emergence of these seedlings and a reduction in the weight of the plants 
at a later date. It was reported that only 40 percent of the seeds with 
a damaged embryo emerged. 
Koehler (109) noted from cold germination tests that better stands 
were obtained from hand-picked and hand-shelled corn than from sound 
kernels selected from commercial corn. 
Lakon (113) has developed the topographical tetrazolium method for 
determining the germinating capacity of seeds. This involves preparation 
of the embryo of various species of seeds in such a way that all their 
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parts which are decisive in the estimation of germinability be made 
visible. A one percent aqueous solution of 2,3,5-triphenyl-tetrazolium-
chloride is used. Special care must be exercised to insure the continuous 
submersion of embryos in the solution. Prolonged contact with the air 
must absolutely be avoided. The reaction reaches completion after about 
seven to eight hours at room temperature in the dark. The response can 
then be accurately determined. Only those embryos are germinable in which 
the plumule and adjacent tissue are stained. Coloration of a small portion 
of these tissues constitutes a positive test. Lakon concluded that in 
tetrazolium tests that the errors were lower than in conventional germina­
tion methods. 
Electric sorting machines are available for sorting materials on the 
basis of differences in their brightness and/or color. Through use of 
appropriate light sources and corresponding photocells these machines can 
operate in regions of the electromagnetic spectrum outside the range of 
the human eye. Since the human eye is not equally sensitive to all colors 
even within the visible spectrum there are many possibilities for separa­
tions not discernible to the human eye. Boyd et al. (20) have reported 
on the use of photoelectric color sorters for sorting damaged kernels in 
conjunction with germination tests for different types of seeds. They 
observed that kernels with cracked seed coats did not have enough color 
difference in the damaged areas to be detected by the photocell. When 
some dyeing agents were used to accentuate the damaged area, partial 
success was reported. It was noted that this method will require more 
suitable and practical methods for accentuating color differences of 
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damaged areas. 
Tests which measure the bulk properties of a sample are less subject 
to human judgment. Larger samples may be used because the sample is 
evaluated as a whole rather than individual kernels. Agness (1) pointed 
out that the principle disadvantage of using the bulk methods is that the 
effect of a few bad kernels may be indistinguishable among many sound 
kernels, and damage differences which would be evident using discrete 
techniques are obscured by experimental errors. 
Steele (169) studied the effect of mechanical damage on the rate of 
deterioration of wet, shelled corn. His tests were based on the following 
respiration equation for a typical carbohydrate: 
Cg + 6 0^  ecOg + SHgO + 673 Cal. 
Equipment was used to control temperature, aerate, maintain the moisture 
content and provide accurate measurement of the carbon dioxide production 
for small samples of shelled corn. It T-?.S noted that the respiratory 
processes of mold growth are similar to hose of the grain itself, and 
thus the combustion of carbohydrates is a representation of both grain 
respiration and mold growth. It was also reported that moisture content 
is much more important than kernel damage in determining the rate of carbon 
dioxide production for a test duration of four hours. 
Another type of bulk test that has recently been developed and used 
by some investigators (1, 108, 119, 123) is called the breakage test. It 
involves measuring the increase in fine material caused by subjecting the 
sample to impact by a rotating impeller in a test chamber for a specific 
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time. The corn sample is sieved before and after the mechanical treatment 
using the standard 12/64 inch round hole sieve. The damage is established 
as the percent by weight of fines produced by the mechanical impact. The 
test results are sensitive to the grain moisture content at the time of 
testing. McGinty (119) also observed lack of consistency in the amount 
of fines when different brands of breakage testers were used. 
Agness (1) reported on a bulk test based on the assumption that 
mechanical damage will reduce the effectiveness of the seed coat as a 
barrier. Thus damaged kernels will absorb liquids faster and allow 
certain substances to be more readily extracted from the kernels when 
soaked in water. He observed that spectrophotometer analyses of water 
extract from damaged samples showed more turbidity indicating higher 
concentrations of solubles. However, he also noted that it was extremely 
difficult to distinguish between different levels of damage. 
All the techniques used for damage evaluation have advantages and 
limitations. The selection of the method to be used depends on the 
ultimate use of the grain. The grain industry is very concerned about 
the continual deterioration and breakage of corn as it moves from one 
terminal to another. There is a need for efficient and quick methods 
and/or techniques to evaluate such tendency. In this research, properties 
of bulk corn have been investigated to provide for this need and results 
will be discussed in coming sections. 
F. Physical and Rheological Properties of Agricultural Products 
Modern agriculture has brought about sophisticated mechanization in 
all phases of production of many agricultural crops. Despite the 
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increasing application of modern technology, little is known about the 
physical and rheological characteristics of agricultural products. Basic 
information and understanding of these properties is a necessary step in 
meeting the problems associated with the change in technology. 
In this section research work emphasizing physical and rheological 
properties of agricultural products is reviewed. 
The physical and thermal properties of rough rice have been studied 
by Wratten et al. (197). They established linear relationships for length, 
width, thickness, volume, density, specific gravity and porosity versus 
moisture content in the range 12 to 18 percent. They also reported linear 
relationships for specific heat, thermal conductivity and bulk thermal 
diffusivity versus moisture content for different moisture ranges. 
Shelef and Mohsenin (164) have studied the effect of moisture content 
on mechanical properties of shelled corn. Uniaxial compression was 
applied to individual kernels either by a cylindrical indenter, parallel 
plates or a spherical indenter. Definitions were established for apparent 
moduli of elasticity (E^ ) and deformability (E^ ). The authors reported 
that the values of E and E, decreased non-linearly with increasing grain 
a a 
moisture content. There was some agreement between the values obtained by 
the cylindrical indenter and parallel plates, but the values obtained by 
spherical indenter were 2 to 8 times as high. 
In studying grain properties Sharma and Bilanski (163) pointed out 
that a proper understanding of grain behavior is necessary in designing 
handling and processing equipment. They determined the coefficients of 
restitution for several types of grains for a wide range of moisture 
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contents. The following was concluded: 
1. Pea beans, soybeans and field beans had the highest coefficient 
of restitution at low moisture contents. 
2. The coefficient of restitution of corn increased linearly with 
increased thickness in impact plate. 
3. The coefficient of restitution of pea beans, soybeans, field 
beans and red kidney beans decreased when the height of free fall 
was increased. 
In recent work Mahmoud* assumed that the coefficient of restitution 
of a corn kernel is a function of its soundness and moisture. An 
experiment was conducted by placing shelled corn in a laboratory planter 
which was used as a dispenser. The falling kernels impacted an inclined 
metal plate. A box with three compartments was placed below the inclined 
plane (Figure 8) for collecting the rebounding kernels. It was observed 
that for different moisture contents, sound kernels had the tendency to 
land farthest from the plate, severely damaged kernels closest to the 
plate and minor damaged kernels in the middle compartment. The separation 
was not highly efficient but the procedure has a good potential and merits 
further improvements and studies. 
In an investigation of stress fields in wheat grains, Arnold and 
Roberts (7) attempted to develop a qualitative analogy of the stress 
condition in loaded grains by making use of photo-elastic models. They 
demonstrated that two-dimensional photo-elastic techniques used in conjunc­
tion with numerical procedures provided a satisfactory method for analyzing 
*Small scale unpublished experiment conducted in Winter 1972 by the 
author. 
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Figure 8. Schematic diagram of the apparatus for separation of damage by 
difference in the coefficient of restitution. 
the stress distribution within the cross-section model; the load was 
supported within a triangle formed by the contact point of the load and 
the two reaction points while the outer areas of the model were only 
lightly stressed. Also noq^ symmetry in the cross section of a wheat grain 
increased significantly the magnitude of the stresses in the loaded half 
of the section. They observed that symmetrical grain would stand higher 
loading stresses than non-symmetrical grain. This group also compared 
the microscopic observations of loaded grain cross sections with photo-
elastic models and found similarities. They concluded that photo-elastic 
models and numerical techniques provide acceptable analogies of the stress 
conditions in loaded wheat grain. 
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The use of some physical properties to measure stinkbug damage in 
soybeans has been investigated by Hart (84). He found that the decrease 
in soybean density resulting from stinkbug punctures caused a greater 
number of soybeans to float on a saturated NaCl solution. It was noted 
that the number of beans floated in a sample increased linearly with the 
increase in number of damaged beans. Also Hart and Rowan (86) observed 
that the difference in density can be used to measure stinkbug damage by 
another means. They developed an electronic unit to determine the time 
for a bean to descend in a water column. They concluded that the mean 
time of fall for a bean increases linearly with the increase of damage 
in the sample. 
On the rheological properties, Hammerle and Mohsenin (81) reported 
that the uniaxial tensile relaxation modulus (time dependent Young's 
modulus) is an important material property. It is most often used in 
describing the strength of material and its dependence on loading rate, 
temperature and moisture content. This particular modulus is of interest 
to researchers concerned with drying and processing of corn and its 
by-products. Hammerle and Mohsenin have established from experimental 
data mathematical equations describing the tensile relaxation modulus of 
corn horny endosperm as a function of time, temperature and moisture 
content. 
Zoerb (202) studied stress relaxation of pea beans at several 
moisture contents, at various levels of deformation and at three initial 
deformation rates. He noted the effect of each parameter in the behavior 
of pea beans in stress relaxation (constant strain). He concluded that 
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the variation of the dependent variable (relaxation time) was great enough 
that it could be used as a measure of moisture content in grain. Zoerb 
simulated his experimental relaxation curves by Maxwell elements and 
described the behavior mathematically by a series of exponential terms as 
follows : 
-t/x -t/T -t/T 
a(t) = A^ e + A^ e A^ e 
where cj(t) = stress at time t 
A, = material constants l,n 
n = number of exponential terms and varied with parameters studied 
T- = time constants l,n 
e = 2.718 
In a study of viscoelastic behavior of rough rice, Husain et al. (98) 
conducted a series of experiments to observe the mechanical and viscoelas­
tic behavior of rice kernels under compression. Effects of deformation 
rate, initial deformation and moisture content were considered in the 
study. 
They generated equations similar to Zoerb's (202) and concluded that 
rice kernels behaved as a viscoelastic material. Based on information 
obtained from stress relaxation curves, a rheological model consisting of 
3 Maxwell elements in parallel was proposed to predict the stress decay. 
The force that opposes compressive motion is of special interest in 
the design of machinery for consolidating bulk forage materials. Hundtoft 
(95) noted that if a design engineer could accurately predict the magnitude 
of this force as influenced by bulk density, moisture content, rate of 
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compression, quantity of material and geometry of the compression device, 
he could readily design mechanisms to satisfy given performance require­
ments. With the aid of numerical and statistical analysis this group 
determined that the axial stress at any time P^ (t) for bulk alfalfa during 
the relaxation interval is adequately described by the following model: 
P - P 
(t/140)" + B(2t + 1)Y 
where P = steady state stress and 
ss 
P = stress at time t = o 
o 
It was also established that the parameters of the relaxation model 
are functions of five independent variables as follows ; 
a = f^  (W/A, MC, e^ , r . . de^ /dt), 
6 = fg (r, W/A, de^ /dt, r . W/A, r . MC, r . de^ /dt, W/A . MC), 
y = fg (r, e^ , . de^ /dt), 
where the five variables are defined as follows: 
MC = moisture content 
r = cylinder radius 
W/A = sample weight per unit of cross-sectional area 
e = initial strain 
o 
de^ /dt = strain rate giving rise to the strain state 
Many other physical and viscoelastic properties of agricultural 
products are compiled and discussed by Mohsenin and Goehlick (132). The 
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use of some of these properties in evaluating the amount of mechanical 
damage in shelled corn is investigated in this research in later sections. 
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III. CONCAVE STUDIES 
Most of the research reported in Chapter II-A has been confined to 
the evaluation of overall combine performance. This chapter will deal with 
the conventional shelling mechanism of a combine which consists of a 
rotary cylinder and a stationary concave and end with the design of a 
shelling mechanism based upon the data presented in this study. 
The concern about mechanical damage which is suffered by the grain 
in the shelling process has gained the attention of the combine industry 
and university research workers. While several shelling mechanisms have 
recently been invented, it is believed that effective modifications in 
the design of the shelling mechanism will follow from a thorough analysis 
of the various components of the system. 
The literature search revealed studies which have been directed 
towards component performance. Krutikov (111) theorized that the 
compressive stress acting on a small grain in the threshing crescent is 
described by: 
P = (J, (|Â) (3-1) 
where Ag = crop thickness before compression 
An = crop thickness after compression 
(j) = material constant. 
Arnold (9) investigated the effect of concave length on the efficiency 
of threshing wheat. He concluded that the proportion of grain passing 
through the concave increased with increase in concave length according 
to the expression: 
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1 - I = e"^  (3-2) 
where N = number of free grains in the length of the concave Z 
n = number of grains passed through length & 
k = material constant 
5, = concave length. 
The work of Gasparetto as reported by Brandini (21) Involved the use 
of high speed photography to study velocities and accelerations imparted 
to wheat grains during threshing. This study presented an equation giving 
the index of separation of grain through the concave as: 
P(V 
(3-3) 
where i^  = index of grain separation through concave 
= critical velocity for concave separation (m/sec) 
P = weight ratio of actual grain to total product 
= grain mean tangential velocity (m/sec). 
Cooper (47) has reported on concave performance for wheat and barley. 
He concluded that the weight percentage of total grain separated through 
the concave is described by; 
Concave Separation % = 100 - e^ ^^  (Feed Rate) (3-4) 
where A and B are constant. 
Dobrescu et al. (57) studied the combine capacity in shelling corn. 
They observed that the grain separation per unit length along the thresh­
ing mechanism and straw walker follows the exponential function: 
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Qs = Qin (1 - (3-5) 
where = weight of grain separated per unit length 
= grain input 
A = distance measured from concave inlet 
k = material constant. 
In a theoretical study of corn shelling, Brandini (21) Included the 
geometry of the shelling mechanism and plant parameters in describing the 
distribution of shelled corn in the concave. He theorized that the amount 
of grain that passes through the concave from inlet to any position can be 
predicted by: 
a 
Qg(ot) = R\ q(ot) da (3-6) 
where R = cylinder radius 
a = position along concave 
q(a) = separation per unit of concave 
DQJ (^A) 
where q(a) = —— and 
"k*"' • "k.in - Qs(G) 
Qk(ot) = discharge of corn kernels through the concave to position a 
Qg(ot) = corn above concave past position a 
Brandini did not check the validity of his equation by experimental 
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data. 
These research studies and their theoretical postulations have made 
a generous contribution to the science of threshing. The literature 
reviewed by the author, however, showed lack of quantitative evaluation 
of corn kernel separation and damage distribution along the concave. Such 
information is essential and would greatly assist in making design modifi­
cation to improve performance. Experiments conducted to provide needed 
information are reported in this section. 
In structural testing of combines, laboratory and field testing have 
been complementary to each other. Most of the functional testing, however, 
has been carried out in the field. Recent research studies (9, 47, 146, 
148) have indicated a shift towards laboratory functional testing. The 
several advantages of laboratory testing over field testing are summarized: 
1. Once the crop is collected from the field and stored properly in 
conditioned laboratory facilities, tests can be executed at any 
time independent of weather conditions. 
2. Machine and crop parameters can be controlled accurately and thus 
allow tests to be duplicated precisely. 
3. Machine components can easily be isolated or modified for 
measurements, instrumentation and photography. 
4. Work can be carried out any time of the day with less people and 
closer supervision of data collection. 
The study reported in this section adopted laboratory testing for the 
above listed merits. 
The equipment constructed and used in the laboratory experiments is 
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shown in Figure 9. All components used in the shelling mechanism are 
John Deere Model 95 combine parts. The relative positions of cylinder, 
beater and concave are identical to manufacturer's specifications. A 
frame made of rectangular structural steel tubing was used to support the 
shelling components, the sieving mechanism and its driving motor. Sheet 
metal was used to house the stationary sheller. A removable transparent 
Plexiglass side was installed to permit filming the shelling process. 
The shelled corn collection pan is connected to a hydraulic cylinder and 
is actuated by compressed air. 
A portable, variable speed power supply was modified to operate the 
stationary sheller as shown in Figure 10. The power unit consists of two 
electric arc welders: (a) an AC motor driven DC generator welder and (b) 
a belt driven DC generator welder. The AC motor driven welder was powered 
by 240-volt, three phase AC service and generated a DC current used to 
drive the DC welder generator. The arrangement made the belted generator 
serve as a motor rather than a generator. This power system was capable 
of producing up to 30 hp. The speed was controlled by the welder rheostat 
and ran up to 1800 RPM. A detailed description of the power system was 
provided by Young (198). 
The stationary sheller was fed by a chain conveyor operated by a 
3 hp motor. The samples collected in the grain pans were weighed on a 
Toledo scale and were divided into smaller samples with a Boerner grain 
divider. 
The concave as shown on Figure 9 is mounted on four force transducers 
designed to measure the forces acting on the concave. A Honeywell 
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Figure 9. Shelling laboratory. 
(1) Stationary sheller (2) Recorder 
O) Grain divider (4) Collection pan 
Figure 10. Variable speed power supply. 
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Visicorder was used to record these forces. The study reported in this 
chapter consists of the following two parts: 
A. Distribution of shelled corn along the concave. 
B. Distribution of mechanical damage along the concave. 
A. Distribution of Shelled Corn Along the Concave 
Corn shelling performance of combines in Story County, Iowa was 
surveyed and analyzed by the author in the 1969-1970 harvest season and 
reported by Kline (108). The results of this survey have furnished some 
guide lines for the selection of parameters and the levels considered in 
the laboratory experiments conducted in 1970-1971 harvest season and 
reported in this chapter. 
1. Experimental procedures 
A high speed film of the shelling process was taken by Fox (67) . An 
analysis of this film showed that the corn, during the shelling process, 
undergoes different types of impacts in three distinctive zones along the 
concave. These zones were classified as follows: 
1. Inlet impact zone 
2. Compression and rubbing zone 
3. Release zone. 
Past the concave, the discharged material is again subjected to 
impact by the beater to give the 4th zone. 
4. Concave extension zone. 
In a combine the discharge from the concave extension is caught by the 
straw walkers. In this study this material was collected to represent 
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another zone and referred to as : 
5. Cleaning zone. 
The relative positions of these zones are shown in Figure 11. Since 
the objective of the study in this chapter was to examine the distribution 
of shelled corn as well as damage along the concave, the five zones 
described above were found suitable for this purpose. The collection pan 
was accordingly portioned into five compartments to catch the throughput 
of each zone. Each compartment was fitted with a canvas bag (Figure 12) 
to facilitate the removal of the grain for weighing. 
An engineering term to describe the distribution of shelled corn in 
the concave was established. Since the concave and concave extension are 
considered in this study, a term suitable for describing the phenomenon 
in the two components was conceived. The percent by weight of shelled 
corn that passes through an arc subtended by one degree angle at the 
center of the cylinder shaft was considered at the start. The difference 
in geometry, however, between the concave and its extension caused the 
dropping of this option. The index used in the analysis was a measure of 
the percent of total shelled corn that passed through one inch of concave 
length. This index was defined by the following equation: 
S.S.I. = X 100 (3-7) 
where S.S.I. = specific index of separation (% wt/inch) 
w = weight of grain collected from a zone (lbs) 
W = total weight of shelled corn collected in the 5 zones (lbs) 
S, = zone length measured along concave profile (in.) 
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CYLINDER 
• •• 
CONCAVE 
'0.9' 
ZONE ZONE 
Figure 11. Schematic diagram of shelling mechanism 
zones. 
Figure 12. Five compartments collection pan. 
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The effect of the following independent variables on the specific 
index of separation were evaluated: 
1. Variety 
2. Moisture content 
3. Concave clearance 
4. Cylinder speed 
5. Concave zone 
6. Feed rate. 
Two commercial varieties of corn. Pioneer 3369A and Dekalb XL66, 
were used in the experiments. The corn was hand picked and husked from 
Iowa State University Research Center fields. The moisture content 
distribution varied throughout the field. Because of this field condition 
more than one moisture level was available for testing at a time. The 
levels of kernel moisture content used were: 30, 27, 25, 22 and 18 
percent (wet basis). 
Front concave clearance was limited to two spacings: 1 and 1-1/4 
inch with the rear concave clearance fixed at 5/8 inch. Two levels of 
cylinder speed were used: 450 and 600 RPM. The five zones designated in 
Figure 11 are the locations along the concave where the specific index of 
separation was investigated. The feed rate of 300 bushels per hour was 
used in the study. This value is a common harvesting capacity for a John 
Deere model 95 combine. 
The weight of ear com required to yield one bushel of shelled corn 
for each variety at the desired level of moisture content was obtained 
from a conversion chart developed by Schmidt (158). The procedure involves 
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determining the ratio of the weight of kernels in an ear of corn to the 
total weight of the ear. This ratio is referred to as the shelling 
percentage. Also the moisture content of the kernels was determined. 
(A Radson moisture tester was used for this purpose). The moisture 
content and the shelling percentage were determined for three ears and the 
average values were then used to read from the chart the weight of ear 
corn required to produce one bushel of shelled corn. 
The rate of 300 bushel per hour used in the experiments is equivalent 
to 1 bushel per 12 seconds. In timing the conveyor velocity, the length 
of three compartments was found to pass a fixed point in 1-1/2 seconds. 
Accordingly the equivalent weight of 1/8 bushel was found convenient and 
easy to prepare for each test. The prepared sample was randomly placed 
on the specified conveyor length. 
The different levels of the main effects at three replications of 
each treatment resulted in 120 treatment combinations for the specific 
separation index study. Treatment combinations were randomized for the 
experiment. The corresponding parameter values were set on the shelling 
unit and the ear corn then run through the shelling mechanism. The catch 
on each zone was weighed and recorded. The grain in all the zones was 
then mixed thoroughly and three 100-gram samples were obtained by Boerner 
divider for moisture content (wet basis) determination, using the whole 
kernel oven-dry method. 
2. Statistical analysis and results 
The specific index of separation was computed from Equation 3-7 and 
the results are shown in Table A-1, Appendix A. 
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Since treatment combinations could not be randomized over zones, 
i.e. each zone was receiving the same treatment at the same time, the data 
was analyzed on the basis of a split plot-like design by virtue of the 
restricted randomization. Definitions of the dependent and independent 
variables considered in the model for the analysis of variance were: 
S.S.I. = specific separation index 
A = treatment replication 
B = variety 
C = cylinder speed measured in RPM 
D = kernel moisture content % - wet basis 
F = concave clearance - the distance between the cylinder rasp-
bar measured in inches 
G = zone - the location along the concave measured from concave 
inlet and along the concave profile to the center of each 
zone shown in Figure 11 in inches. 
An Iowa State University Computation Center library program (IO7) 
was used in the analysis of variance of the following model; 
MODEL, S.S.I. = A(I) + B(J) + C(K) + BC(JK) + D(L) + BD(JL) + CD(KL) 
+ BCD(JKL) + F(M) + BF(JM) + CF(KM) + BCF(JKM) + 
DF(LM) + BDF(JLM) + CDF(KLM) + BCDF(JKLM) + AB(IJ) + 
AC(IK) + ABC (UK) + AD(IL) + ABD(IJL) + ACD(IKL) + 
ABCD(IJKL) + AF(IM) + ABF(IJM) + ACF(IKM)+ ABCF(IJKM) 
+ ADF(ILM) + ABDF(IJLM) + ACDF(IKLM) + ABCDF(IJKLM) + 
G(N) + BG(JN) + CG(KN) + BCG(JKN) + DG(LN) + BDG(JLN) 
+ CDG(KLN) + BCDG(JKLN) + FG(MN) + BFG(JMN) + CFG(KMN) 
+ BCFG(JKMN) + DFG(LMN) + BDFG(JLMN) + CDFG(KLMN) + 
BCDFG(JKLMN) + E(IJKLMN) (3-8) 
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where, LIMITS,1=3,J=2,K=2,L=5,M=2,N=4 
and, ERROR 1 = AB + AC + ABC + AD + ABD + ACD + ABCD + AF + ABF + ACF + 
ABCF + ADF + ABDF + ACDF + ABCDF. 
The analysis of variance for Equation 3-8 shown in Table 2 indicates 
that all the main effects but variety have a highly significant effect on 
the specific separation index (S.S.I.). The two way interactions 
significant at the 5 percent level are illustrated in Figure 13. 
Significance of these interactions indicated that the main factors did not 
act independently and that the influence of one factor on the S.S.I, 
depended on the level of the other factors. 
The S.S.I, increased with increase in moisture content for both 
varieties tested but with a slightly higher rate for Pioneer 3369A at some 
moisture contents (Figure 13,a). It decreased at a higher rate for 
Dekalb XL66 than Pioneer 3369A with increase in the concave clearance 
(Figure 13,b). The increase in concave clearance also caused a greater 
rate of decrease in the S.S.I, at a lower cylinder speed (Figure 13,c). 
The S.S.I, had exhibited a sinusoidal trend with increasing moisture 
content at the two concave clearance values. While one concave clearance 
made a peak at some moisture contents, the other made a trough (Figure 
13,d). 
The interactions of zone with variety, cylinder speed and concave 
clearance, respectively have indicated that the S.S.I, responded in a 
curve resembling exponential decay. This trend has shown a slight 
difference in the rate of decay for the two varieties and the two cylinder 
speeds (Figure 13,e-f), The interaction of concave clearance and zone 
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Table 2. Analysis of variance for specific separation index 
Source^  
Sum 
of 
squares 
X 10"^ 
Df 
Mean 
square 
X 10"^ 
F 
A 33.89 2 16.94 4.19 
B 6.75 1 6.75 0.47 
C 687.05 1 687.05 48.38** 
BC 0.48 1 0.48 0.04 
D 1111.32 4 277.83 19.56** 
BD 289.57 4 72.39 5.09** 
CD 46.07 4 11.52 0.81 
BCD 73.63 4 18.41 1.30 
F 11,800.14 1 11,800.14 830.99** 
BF 865.30 1 865.30 60.92** 
CF 113.47 1 113.47 8.00** 
BCF 8.84 1 8.84 0.62 
DF 116.18 4 29.05 2.04 
BDF 36.25 4 8.81 0.62 
CDF 12.98 4 3.26 0.23 
BCDF 108.74 4 27.18 1.92 
ERROR 1 1,109.38 78 14.22 
A^ = Replicate, B = Variety, C = RPM, D = Moisture, F = Concave 
clearance 
**Significant at 1% level. 
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Table 2. Continued 
Source 
Sum 
of 
squares 
X 10~^ 
Df 
Mean 
square 
X 10~^ 
G 
BG 
CG 
BCG 
DG 
BDG 
CDG 
BCDG 
FG 
BFG 
CFG 
BCFG 
DFG 
BDFG 
CDFG 
BCDFG 
ERROR 2 
692,513.70 
1,864.72 
3,326.61 
62.76 
4,159.84 
2,029.00 
553.83 
413.19 
75,748.21 
3,668.19 
795.56 
184.25 
319.83 
653.72 
329.99 
514.02 
7,551.76 
3 
3 
3 
3 
12 
12 
12 
12 
3 
3 
3 
3 
12 
12 
12 
12 
240 
230,837.90 
621.57 
1,108.87 
20.92 
346.65 
169.08 
46.15 
34.43 
25,249.40 
1,229.40 
265.19 
61.42 
26.65 
54.48 
27.50 
42.83 
314.65 
7,336.18** 
19.75** 
35.24** 
0.67 
11.02** 
5.37** 
1.47 
1.09 
802.44** 
39.07** 
8.43** 
1.95 
0.85 
1.73 
0.87 
1.36 
TOTAL 811,126.0 479 
= Concave zone. 
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Figure 13. Specific separation index interactions. 
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had exhibited a pronounced difference in the S.S.I, response at the 
first zone. However this difference became minimal towards the third 
zone and then it increased again (Figure 13,g). The S.S.I, increased 
with the increase in moisture content at different rates for all zones 
except the fourth zone in which it increased up to a certain level of 
moisture content and then decreased with increasing moisture contents 
(Figure 13,h). 
Although these interactions are measurable and statistically highly 
significant, the difference in the gradients and trends noted in 
Figure 13,a,b,c,d,e,f and g are of very small magnitudes and could 
possibly be ignored for all practical purposes. 
The provision of a prediction equation for the S.S.I, at any point 
along the concave would assist in understanding the shelling process and 
the kernel separation along the concave. Such equation might also be of 
some use in design modifications for the shelling mechanism. 
A regression analysis computer program (34) for all the significant 
variables in the analysis of variance was used in establishing the 
prediction equation. The program was used several times to eliminate 
the insignificant variables until all factors in the analysis became 
significant. The last analysis of variance for the final regression 
2 
equation is shown in Table 3. The coefficient of determination (R ) of 
the prediction equation was 0.855 and the equation had the following form: 
S.S.I. = A + B,(Z) + B„(Z^ ) + B„(Z)(C) (3-9) O X  Z  J  
where S.S.I. = specific separation index (% wt/inch) 
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Z = zone or distance along concave (inch) 
C = concave clearance (inch) 
A = 5.110 
o 
= -0.337 
Bg = 0.0063 
B^  = 0.0031 
Although the non-linear terms in Equation 3-9 were highly significant 
when deleted from the equation, they were found to account only for 22.5 
percent of the data scatter while the linear terms accounted for 63 
percent of the scatter. 
The relative significance of each term could also be estimated by its 
contribution to the S.S.I, value. Since the non-linear terms have small 
coefficients, their contributions would be much smaller than the linear 
terms for all practical values of Z and C. 
The exponentially decaying like trend of the S.S.I, versus zone shown 
in Figure 14 suggested the development of an exponential type prediction 
equation which would readily describe the situation. The same regression 
analysis procedures were used in formulating the exponential prediction 
equation. The knowledge gained in developing the polynomial type equation 
as well as the level of significance of variables in the analysis of 
variance (Table 2) were used as guides in formulating the exponential 
function. 
Several exponential forms were tested. Each variable added to the 
2 
equation was kept if the coefficient of determination (R ) was increased 
by more than 1 percent. Otherwise the variable was deleted. The final 
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s.s.INDEX VS. ZONE 
I 1 
8.00 16.00 
ZONE-INCH 
40.00 48.00 21.00 32.00 
Figure 14. Specific separation index versus Zone (overall 
means). 
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Table 3. Analysis of variance for the polynominal regression equation 
(3-9) 
Source 
Sum of 
squares DF 
Mean 
square F 
Total 4391.13 480 9.148 
Mean 3579.88 1 3579.88 2113.40** 
Residual 811.37 479 1.693 
Zone 516.32 1 516.320 836.45** 
Residual 295.06 478 0.617 
(Zone)^  173.50 1 173.349 680.77** 
Residual 121.56 477 0.255 
(C.C. X Zone) 2.56 1 2.550 10.21** 
Residual 119.00 476 0.250 
Total 
reduction 4272.20 4 1068.06 4271.88** 
**Significant at 1% level. 
form of the exponential function was: 
S.S.I. = a (3-10) 
where S.S.I. = specific separation index (% wt/inch) 
Z = zone or distance along concave (inch) 
C = front concave clearance 
a = 0.51 
6 = 3.00 
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The analysis of variance for Equation 3-10 is shown in Table 4. The 
2 
coefficient of determination (R ) was 0.815 which was slightly less than 
the coefficient of determination for the polynomial form (Equation 3-9). 
Table 4. Analysis of variance for the exponential regression (Equation 
3-10) 
Sum of Mean 
Source squares DF square F 
Total 483.35 480 1.007 
Mean 393.87 1 39.387 2108.35** 
Residual 8.95 479 0.187 
1/(C.C. + Z) 72.71 1 7.271 2072.14** 
Residual 1.68 478 0.035 
Total reduction 466.58 2 233.290 6648.38** 
**Significant at 1% level. 
The relative fitness of the prediction equations was illustrated in 
2 Figure 15. Since the coefficients of determination (R ) were 0.855 and 
0.815 for the polynomial and exponential equations respectively, some 
discrepancies were also expected between the two fitted equations and the 
experimental data. The polynomial equation fitted the experimental data 
better for the 1.0 inch concave clearance setting (Figure 15,a,c). The 
exponential form fitted the data for the 1.25 inch concave setting more 
adequately. 
The decaying nature of the exponential function had enabled it to 
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Figure 15. Prediction equations superimposed on experimental data. 
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fit the experimental data for zone 1, 3 and 4 more closely than the 
polynomial form. The most distinct lack of fit of the polynomial form 
was at zone 1, since the value of the S.S.I, becomes equal to the 
intercept (A^ ) at Z = 0. 
B. Distribution of Mechanical Damage Along the Concave 
The specific separation index (S.S.I.) studies provided quantitative 
information about the grain throughput distribution along the concave. 
Grain damage measurements (which are indicative of the throughput 
quality) were complementary to the specific separation index studies and 
are discussed in this section. 
1. Experimental procedure 
The experimental procedure outlined in section A-1 of this chapter 
was concurrently used for the specific separation index and the damage 
distribution studies. The grain for damage determination, however, was 
obtained from all 5 zones shown in Figure 12. A sample of approximately 
500 grams was obtained from each zone by Boerner grain divider. 
Each sample was dyed in a Fast Green FCF dye for 4 minutes, placed 
on a strainer and excess dye was washed away with running water. Dyed 
samples were spread on paper mats to dry for 24 hours before they were 
assessed for damage. Approximately a 100 gram subsample was divided from 
the sample by the grain divider for damage examination. A kernel was 
considered damaged if it was broken, cracked, chipped, had bruised 
pericarp or any hairline crack in the pericarp. Green dye stained these 
damaged parts and eased the inspection task. The damaged kernels were 
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weighed and the percent damage was calculated on weight basis as follows: 
D = ^  X 100 (3-11) 
w 
where w = weight of damaged fraction (gram) 
W = sample weight (gram). 
Computed damage percentages are listed in Table A-1, Appendix A. 
2. Statistical analysis and results 
The statistical model for the damage study was the same as that used 
for the specific separation index (Equation 3-8). Mechanical damage was 
used as the dependent variable. The analysis of variance for damage shown 
in Table 5 shows that all the main effects are highly significant. The 
two way significant interactions are illustrated in Figure 16. 
For both varieties, damage was minimum at 22 percent moisture content. 
Damage increased at a higher rate for Dekalb XL66 than for Pioneer 3369A 
to either side of moisture content 22 percent (Figure 16,a). The two 
cylinder speeds studied produced a trend similar to that of variety. The 
/ rate of increase of damage was higher at the lower cylinder speed as 
shown in Figure 16,b. Damage decreased with increase in moisture for the 
1.0 inch concave clearance while it increased with moisture content for 
concave clearance 1.25 inch (Figure 16,c). The two varieties sustained 
higher levels of damage with increase in cylinder speed. Dekalb XL66 
had the higher rate of increase (Figure 16,d). The two varieties showed 
a slightly different rate of decrease in damage with increase in concave 
clearance (Figure 16,e). Damage decreased with increase in concave 
clearance but with slightly higher rate for the higher cylinder speed 
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Table 5. Analysis of variance for mechanical damage 
Source^  Sum of 
squares DF 
Mean 
square F 
A 4.72 2 2.36 0.16 
B 1190.75 1 1190.75 79.77** 
C 6086.35 1 6086.35 409.74** 
BG 1575.83 1 1575.83 105.57** 
D 10117.99 4 2529.50 169.46** 
BD 994.75 4 248.69 16.66** 
CD 232.12 4 58.03 8.89** 
BCD 416.19 4 104.05 6.97** 
F 439.42 1 439.42 29.44** 
BF 59.18 1 59.18 3.96** 
CF 73.37 1 73.37 4.92** 
BCF 18.74 1 18.74 1.26 
DF 278.29 4 69.57 4.66** 
BDF 149.81 4 37.47 2.51* 
CDF 158.70 4 39.68 2.66* 
BCDF 135.89 4 33.97 2.28 
ERROR 1 1164.32 78 14.90 
A^ = 
clearance 
Replicate, B = Variety, C = RPM, D = Moisture, F = Concave 
**Significant at 1% level. 
*Significant at 5% level. 
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Table 5. Continued 
Source® 
Sum of 
squares DF 
Mean 
square F 
G 100,107.3 4 25,026.81 2041.74** 
BG 96.81 4 24.20 1.96 
CG 1163.63 4 290.91 23.73** 
BCG 41.74 4 10.43 0.85 
DG 1374.41 16 85.90 7.01** 
BDG 457.95 16 28.26 2.34** 
CDG 118.35 16 7.40 0.60 
BCDG 187.96 16 11.75 0.96 
FG 14.58 4 3.65 0.30 
BFG 56.74 4 14.19 1.16 
CFG 208.90 4 52.23 4.26** 
BCFG 25.46 4 6.36 0.52 
DFG 204.07 16 12.76 1.04 
BDFG 131.82 16 8.24 0.67 
CDFG 242.38 16 15.15 1.24 
BCDFG 113.56 16 7.10 0.58 
ERROR 2 3922.44 320 12.60 
TOTAL 131,564.10 599 
G = Concave zone. 
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(Figure 16,f). Damage increased with increase in distance along the 
concave for both cylinder speeds. However, at the fifth zone the 
difference in damage produced by the different cylinder speeds was minimal 
(Figure 16,g). Damage was minimum at moisture content 22 percent for all 
zones (Figure 16,h). The increase in moisture caused an increase in 
damage for all zones. Zone 5 has the highest rate of increase. 
The same regression analysis procedure outlined in Section A-2 was 
employed to develop a prediction equation for the damage data illustrated 
in Figure 17. The analysis of variance for the prediction equation is 
shown in Table 6. The coefficient of determination of the prediction 
2 
equation (R ) was 0.88 and the equation has the following form: 
D = A + B,(Z) + B (M) + B.(M^ ) + B,(CC) + B.(RPM) x Z) (3-12) O 1 Z J 4 D 
where D = damage (percent weight) 
Z = distance along the concave (zone) (inch) 
M = moisture content (w.b.) 
CC = concave clearance (inch) 
RPM = cylinder speed (RPM) 
and A = 9.82 
o 
B^  = 0.46 
B^  = 7.11 
B, = 0.16 
4 
B^ = 0.02 
The contribution of the non-linear terms and the concave clearance 
2 2 term (M , RPM x Z, and CC) to R was only 8.5 percent. When these terms 
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Table 6. Analysis of variance for damage equation (3-12) 
Source 
Sum of 
squares 
X 10^  
DF 
Mean 
square 
X 10^  
F 
Total 894.524 600 1.491 
Mean 762.883 1 762.883 3471.30 
Residual 131.641 599 .219 
Zone 9.955 1 9.955 1855.14** 
Residual 3.209 598 0.054 
Moisture 4.810 1 4.810 105.27** 
Residual 27.280 597 0.046 
2 (Moisture) 3.854 1 3.859 98.00** 
Residual 23.425 596 0.039 
CC 0.433 1 0.433 11.21** 
Residual 22.992 595 0.039 
(RPM X Zone) 6.963 1 6.963 258.00** 
Residual 16.029 594 0.027 
Total reduction 878.495 6 146.416 5425.77** 
**Significant at 1% level. 
were deleted from Equation 3-12 the linear terms of zone (Z) and moisture 
(M) accounted for 79.5 percent of the data scatter and the prediction 
equation took the following form: 
D = + B^(Z) + BGCM) (3-13) 
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where A =0.19 
o 
= 0.93 
= 0.69 
The analysis of variance for Equation 3-13 is shown in Table 7. The 
relative fitness of Equations 3-12 and 3-13 to individual data sets is 
illustrated in Figure 18. The better fit of Equation 3-12 compared to 
Equation 3-13 is well explained by the appreciable difference (8.5%) 
2 in their coefficient of determination (R ). Equation 3-13 is 
2 . . . 
simple and easy to understand, however its lower R limits its use with 
different machine parameters that it does not take into account. Improve­
ment of the shelling mechanism as well as shelling performance would 
necessitate the inclusion of significant machine parameters in a 
prediction equation. 
Table 7. Analysis of variance for damage equation (3-13) 
Source 
Sum of 
squares 
X 10^  
DF 
Mean 
square 
3 
X 10 
F 
Total 894. 524 600 1, ,491 
Mean 762. ,883 1 762. 883 3471. ,30** 
Residual 131. ,641 599 0. ,219 
Zone 99 .551 1 99, .551 1855. ,14** 
Residual 32, .090 598 0 .054 
Moisture 4, .810 1 4, .810 105. 27** 
Residual 27 .280 597 0 .046 
Total reduction 867 .244 3 289 .081 6326, .38** 
**Significant at 1% level. 
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Figure 18. Damage prediction equations superimposed on experimental data. 
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C. Discussion and Conclusions 
The average of throughput along the shelling mechanism was 63 percent 
through the concave, 26 percent through the concave extension and 11 
percent past the concave extension. The throughput distribution along 
the concave and its extension was defined by the specific separation 
index (S.S.I.) according to Equation 3-7. The S.S.I, as a dependent 
variable was mathematically described by two different equations that best 
fitted the experimental data; a polynomial function (Equation 3-9) and 
an exponential function (Equation 3-10). The polynomial equation had a 
2 higher coefficient of determination (R = 0.855) while the exponential 
2 form had a relatively lower R (0.795). The exponential function, however, 
followed the data more closely in the first and last two zones (Figure 
16). Further study with a larger number of zones would be necessary for 
developing an exact prediction equation for the specific separation index. 
The mechanical damage caused by the shelling process along the 
concave was described by Equation 3-12. The damage increased as the grain 
traveled down the concave from zone 1 through zone 5 for all moisture 
contents. The higher the moisture, the higher the level of damage 
sustained. Damage was minimum in all zones (Figure 17) at 22 percent 
moisture content. The prediction equation for damage (Equation 3-13) with 
zone and moisture as the only independent variables, provided an adequate 
2 R (0.795), though it did not fit the experimental data as well as 
Equation 3-12 (Figure 18). 
Variety was a highly significant variable in the analysis of variance 
shown in Table 5. Dekalb XL66 had higher levels of damage at all moisture 
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contents than Pioneer 3569A as shown in Figure 17,d. This indicated 
that through breeding, varieties could be developed with physical 
properties and morphological characteristics that make the grain resistant 
to mechanical damage. 
The highest level of damage occurred at the fifth zone where the 
S.S.I, as well as the percentage of shelled corn collected (11%) was 
lowest. The lowest levels of damaged and highest S.S.I. 's were at the 
first and second zones, respectively. It is by no means true that the 
shelled corn that passed through the concave at a particular location was 
detached from the ear at the same location. It was well established from 
high speed films of the shelling process, that detached kernels traveled 
for some distance down the shelling crescent before escaping through the 
concave. It is believed that the further a kernel traveled from the 
point of detachment, the more it was subjected to repetitive impact and 
consequently suffered more damage. Accordingly, some of the corn that 
was collected further from the concave inlet (viz. in zones 3, 4 and 5) 
was possibly detached in the first and second zones. However, the 
percentage of corn that was collected in the first two compartments (47%) 
had to be shelled in the first two zones, since the crop flow was 
irreversible. 
The information of throughput and kernel damage distributions could 
be integrated to provide for a design criterion that would minimize the 
damage caused in the shelling process. 
The increase in damage along the concave was evidently caused by the 
repetitive impacts on the ear and shelled kernels by the combine cylinder 
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rasp-bars. Since shelling becomes easier after some kernels have been 
detached, it is desirable to modify the shelling mechanism to eliminate 
the unnecessary impacts on the ear. A dual sheller is proposed and 
illustrated in Figure 19. This mechanism consists of a conventional 
combine cylinder, a shelling grate and a belt sheller. The cylinder 
provides the high impact forces necessary to initiate the shelling and 
shells the desired percentage to initiate shelling in the grate length 
prior to the belt sheller. The rubbing action of the belt completes the 
shelling of the partially shelled ears. This arrangement combines the 
desired impact forces of the cylinder to initiate shelling and the proven 
damage reduction caused by the belt sheller. Since the belt sheller 
shells only partially shelled ears, the belt life and the shelling 
efficiency should be improved considerably. 
The information from the S.S.I, studies could be used to compute 
the length of the grate preceding the belt sheller (Figure 19) as 
follows: 
1. Assume a hypothetical figure (p) for the percentage of kernels 
to be removed from an ear for shelling to commence with minimal agitation. 
The required length of the grate to shell that percentage (p) could be 
determined by assuming that the S.S.I, equations would also be valid for 
short length of grate then, 
I  
(3-14) 
where p = percentage of corn shelled in grate length, or apparent 
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Figure 19. Schematic diagram of the dual sheller. 
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percentage shelled since p is less than the amount shelled in 
length Z 
f(Z) = S.S.I, function given either by Equation 3-9 or Equation 3-10. 
The grate length required to shell the desired percentage p should be 
computed from Equation 3-14 or alternatively from the area under the 
function f(Z). 
The dual sheller would eliminate the beater and minimize thé repeti­
tive impacts and compressions that normally act on the ear along the 
concave of a conventional combine cylinder. 
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IV. EAR ORIENTATION STUDIES 
The literature reviewed revealed no direct information on the effect 
of ear orientation with respect to the threshing cylinder on corn kernel 
damage. Brandini (21) impact shelled individual kernels from the cob by 
a pendulum type impacter. He noted that the direction of applying the 
force had no significant effect on the magnitude of force required to 
detach the kernel. Arnold (9) reported that the form sheaf direction and 
head direction in which wheat was presented to the shelling cylinder had 
a significant effect on power requirements for threshing. He concluded 
that feeding of the heads of the wheat sheaf parallel to cylinder axis 
required the least power. Lamp and Buchele (116) investigated several 
methods of holding heads of wheat in a centrifugal thresher. They 
observed that heads extending on radial lines from the center required 
twice the threshing force of that with reversed mounting. They also noted 
that holding the heads flat against a retaining cylinder reduced the 
percentage of threshed grain by 50 percent. 
The shelling process as viewed from a high speed film (67) showed 
that ears of corn entered the concave with the axis of the ear oriented 
perpendicular, at an angle or parallel to the axis of the cylinder. 
Mechanical damage caused by the experimental shellers (tire and belt 
shellers described in Chapter II) was considerably less than the damage 
caused in the conventional rasp-bar cylinder. The ears entered these ex­
perimental shellers with the axis oriented parallel to the axis of the 
drums. 
These observations led to the formulation of the following objectives: 
A. To study the effect of ear orientation on kernel damage caused in 
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the shelling process. 
B. To determine the type and location of the forces acting along the 
concave. 
Experiments were formulated, equipment and instruments were built to carry 
out the objectives. 
A. Effect of Ear Orientation on Kernel Damage 
1. Equipment and experimental procedure 
The stationary sheller shown in Figure 9 (Chapter III) was used for 
this study. The partitions in the collection pan, however, were removed 
and the shelled corn was collected in one compartment. 
Dekalb XL66 was used in this experiment. Ears were selected individ­
ually from the field to minimize the variations in moisture and weight of 
the individual ears. In the laboratory, a Radson moisture tester was used 
to determine the moisture content of random ears. The observed value of 
moisture content was used to compute the dry matter in individual ears. 
Ears for each moisture content were selected within a tolerance + 5 per­
cent of the weight of the first chosen ear. 
Three orientations of ears were investigated: 
1. Ear axis perpendicular to cylinder axis (tip-in) 
2. Ear axis parallel to cylinder axis (roll-in) 
3. Ear randomly thrown into cylinder (random). 
For each test of each moisture content and ear orientation, ears were 
hand fed and three replications were run. A replication consisted of 
three ears, individually fed. The shelled corn from the three ears was 
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mixed thoroughly and samples for moisture content and damage evaluation 
were collected and processed following the same procedures described in 
Chapter III. 
The variation in moisture content within replication was at most 
one-half percent. Since this variation was negligible, the three readings 
were averaged. Moisture content and corresponding damage percentages for 
different orientations are tabulated in Table B-1, Appendix B. All tests 
were conducted at cylinder speed of 500 RPM, front concave clearance of 
1-1/4 inch and rear concave clearance of 5/8 inch. 
2. Results and discussion 
The results of damage at different moisture contents and for the 
three different orientations are shown in Figure 20. 
Figure 20. Effect of method of feeding ears into combine cylinder and 
moisture content on kernel damage. 
60 r 
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The roll-in orientation suffered the least damage at all moisture 
contents tested, followed by ears fed randomly to the cylinder. The high­
est damage was suffered by ears fed with axes perpendicular to the cylinder 
(tip-in). The minimum damage for the roll-in orientation was at 20 percent 
moisture content while the minimum damage for the other two orientations 
was at 22 percent moisture content. 
The different levels of damage sustained by the different orienta­
tions of the ear were partially explained by the following interpretations 
concluded from a review of a high speed film for the different 
orientations: 
When the ear was rolled in the path of the rasp-bar of the threshing 
cylinder, a row of kernels was impacted along the axis of the ear. The 
radial component of the force drove the impacted kernels and the 
diametrically opposite row in contact with the concave radially into the 
cob. Some of these kernels (those hit by the teeth of the rasp-bar) were 
severely damaged on the crown. The inward movement of the kernels and the 
tangential component of the force, caused kernels adjacent to the impacted 
row to shell. Concurrently, the ear tended to rotate because of the 
tractive effort of the cylinder and move down the shelling crescent. The 
filler plate following the rasp-bar imparted additional rotary motion to 
the ear and caused additional shelling. This sequence of actions was 
repeated until the cob was swept out of the shelling crescent by the rasp-
bar. In some instances the cob was shattered and the process became 
undefined and difficult to follow-up. 
Ears fed with their axis perpendicular to the cylinder axis (tip-in) 
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were struck by the rasp-bar at a segment transverse to the ear axis. The 
impact force thus acted on a considerably smaller area than with the roll-
in orientation. The ear bounced several times against the feeder plate 
each time it was impacted by a rasp-bar. The tractive effort of the rasp-
bar moved the ear down the shelling crescent. Continued action on the 
ear stripped kernels off the cob down the crescent side of the impact 
zone. Some of the kernels were observed to have lost the upper portion 
of the crown while attached to the cob. The successive impacts tended to 
turn the ear sideways due to angularity of the teeth of the rasp-bar. The 
ear changed to the roll-in type orientation relatively close to the 
concave inlet, and it was then acted upon in the manner described for that 
orientation. 
When the ears were randomly thrown in the cylinder, they entered the 
concave either tip-in, roll-in or with its axis making an angle between the 
axis of the ear and the cylinder. In the last case it was observed that 
the ear changed to the roll-in position sooner than with the tip-in 
orientation. 
The higher level of damage caused by the tip-in orientation was 
attributed to one or more of the following: 
1. The impact forces acted on less area when the ear was fed tip-in 
than when the ear was fed roll-in. 
2. Kernel strength could be higher in one direction than the other. 
3. Higher shelling forces are required for longitudinal shelling 
(tip-in) than lateral shelling (roll-in). 
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B. Forces Acting on the Concave 
Forces acting on the concave were measured during the shelling process 
with an instrumented concave. 
1. Equipment and experimental procedure 
The concave of the sheller was mounted on four extended octagonal ring 
transducers, two on each side (Figure 21). The transducers measured the 
horizontal and vertical forces at the front and rear of the concave. 
Metalic foil strain gages (350 + 0.5 ohm) were used as sensing elements. 
The theory and design of the octagonal transducers are presented by Cook 
and Rabinowicz (44). 
The strain gages were wired in four complete Wheatstone bridge 
circuits (Figure 22), one for each of the four forces, front horizontal 
(F,Fx), front vertical (F,Fy), rear horizontal (R,Fx) and rear vertical 
(R,Fy). The transducers were calibrated using a Riehle testing machine. 
The load versus recorder deflection was linear. The calibration curves 
for the vertical and horizontal forces are shown in Figures B-1 and B-2, 
Appendix B. 
The signal from each strain gage bridge was amplified (Dana amplifier 
series 3500) and carried through a four conductor cable to a Honeywell 
Visicorder (model 906C) . The recording equipment is shown in Figure 9 
(Chapter III). 
High speed photography was conceived as an accurate and convenient 
method to determine the position of the ear in the shelling crescent for 
corresponding forces acting on the concave. The equipment used in taking 
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Figure 21. Instrumented concave. 
(1) Force transducer 
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Figure 22. Schematic diagram of strain gauge octagonal 
transducers and bridge circuit. 
the pictures consisted of a 16 mm. Wollensack Fastax camera, J-410 
Fastax actuator and control and high intensity photo flood lamps. Kodak 
Tri-X and Plus-X black and white films were used at a speed of 4000 frames 
per second. 
Since the high speed photography is expensive only six ears at one 
level of moisture were used in filming the shelling process to investigate 
the effect of ear orientation on the forces acting on the concave. This 
objective was based on the results of the damage study discussed 
previously. 
Individual ears of Dekalb XL66 at moisture content 24 percent were 
sorted to be uniform in size (1.9 + 0.1 inch in diameter). The cylinder 
was set at 500 RPM and concave clearance was 1-1/2 inches front and 3/4 
inch rear. These clearances were selected in accordance to thé ear size 
chosen for the test. From trial runs the Visicorder magnification 
settings (G) were determined for the tip-in and roll-in orientations. 
For each orientation three ears were fed into the sheller simultan­
eously as the actuator button was pushed to on position. This involved 
good timing on the part of both operators since the film ran through the 
camera in a matter of 3.5 seconds. 
The forces recorded by the Visicorder were evaluated from the 
calibration curves in Appendix B, and the values corresponding to each 
orientation are tabulated in Tables B-2 and B-3, Appendix B. The 
recorded forces for the two orientations are reproduced in Figures 23 and 
24. On these figures, the magnification factor (G) for each force is 
indicated as well as the time scale for the chart speed. 
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Figure 23. Reproduction of the roll-in forces versus time 
I 
Sec 
0.01 Sec. 
Figure 24. Reproduction of the tip-in forces versus time. 
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The film was reviewed by LW projector (Motion Analyser Model 900B) 
which allowed study of individual frames and facilitated the tracing of 
ear advancement in the shelling crescent as shown in Figures 25 and 26 
for the roll-in and tip-in orientations, respectively. The projector was 
fixed on the top of a drawing board and the image was projected on a 
tracing sheet. The cylinder and concave parts were traced from the first 
frame and the film was advanced until the ear entered the concave. This 
was marked as position 1 (Figures 25 and 26). The frame counter was set 
at zero for this position. Successive ear positions were located by 
advancing the film a suitable number of frames. Each position was marked 
on the tracing sheet and the corresponding number of frames advanced was 
recorded. The time lapse between one position and the other was determined 
as follows; 
\ No. of frames advanced 
(sec) Film speed 
FM. 
FM./sec 
The computed time for each position was transposed on the force diagram 
(Figures 23 and 24) to determine the corresponding force at the front and 
rear and for both directions vertical and horizontal (F,Fy; F,Fx; R,Fy; 
R,Fx) for the corresponding orientation. The values of these forces are 
tabulated in Tables B-2 and B-3, Appendix B for the roll-in and tip-in 
orientations, respectively. Since some of the ears fed into the cylinder 
broke and shattered at the start of the shelling process, only one ear 
for each orientation was analyzed. 
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Figure 25. Traced advance of the ear down the shelling crescent 
(roll-in). 
n 
Figure 26. Traced advance of the ear down the shelling crescent 
(tip-in). 
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2. Results and discussion 
The angle of wrap (a) (measured from the line connecting the center 
of the cylinder and concave inlet) was measured for each position marl'.ed 
on the tracing sheet (Figures 25 and 26). The forces acting in the same 
direction (vertical or horizontal) at each position of the ear were siunised 
algebraically. The resultant vertical and horizontal forces for each 
position were resolved graphically to determine the normal (F^ ) and 
tangential (F^) forces acting on the ear as illustrated by Figure 27. The 
computed values for F^ and for the roll-in and tip-in orientations are 
tabulated, respectively in Tables B-2 and B-3, Appendix B. 
The normal force (F^ ) and the tangential force (F^ ) versus the angle 
of wrap (a) for the roll-in and tip-in orientations are shown, respectively 
in Figures 28 and 29. The extrapolated portions on these figures were 
computed on the assumption that rate of advancement of the ear between 
positions 9 and 10 (Figure 25) and positions 10 and 11 (Figure 26) were 
constant for the remainder of the concave length. Accordingly, the normal 
(F^) and tangential (F^) forces were computed for the full length of con­
cave for the two orientations (Figures 28 and 29). The extrapolated 
portions on the figures were the values computed according to the above 
assumption. 
When the ear was fed into the cylinder with its axis parallel to the 
axis of the cylinder (roll-in), the tangential force lagged the normal 
force (Figure 28). The maximum normal force (120 lbs) occurred at 47 
degrees from concave inlet. For the first 37 degrees along the concave 
the normal force was predominant. Beyond this point the tangential force 
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Figure 27. Graphical resolution of forces acting on the ear. 
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Figure 28. Tangential and normal forces versus angle of wrap for the 
roll-in orientation of the ear. 
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became predominant while the normal force became secondary and reached zero 
at 75 degrees from inlet. The tangential force became zero at 85 degrees 
from concave inlet. From these observations it could be concluded that 
shelling at the initial stages was caused primarily by normal forces and 
secondarily by tangential forces. Towards the rear of the concave, the 
tangential force became the main contributor to the shelling action. 
The force distribution for the tip-in orientation (Figure 29) was more 
or less the same as the roll-in orientation. However, the peak value for 
the normal force (87 lbs) was considerably less than the peak for the 
tangential force (115 lbs). 
Superimposing the forces for the two orientations illustrates the 
relative magnitudes of the forces and positions along the concave. The 
tangential force for the tip-in orientation was slightly higher than that 
for the roll-in for the first 37 degrees of concave (Figure 28). Beyond 
that position, the tangential force for the roll-in was considerably 
higher than that for the tip-in orientation. 
The superimposed normal forces (Figure 31) indicated that for almost 
the entire length of concave the tip-in orientation experienced lower 
normal forces than the roll-in orientation. 
The normal forces for the two orientations are superimposed in polar 
coordinates (Figure 32) which clearly illustrate the force distribution 
as the shelling proceeds along the concave. The maximum force occurs 
approximately at 22 degrees from the concave inlet for both orientations. 
It was observed that for the two orientations the normal force 
became zero about 10 degrees before the tangential force. This would 
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Figure 29. Tangential and normal forces versus angle of wrap for tip-in 
orientation of the ear. 
1 5 0  
E x t  r a p o l a  t e d  
1  *  
1  
1 2 0  
1  
/ A  '  \  
. 9 0  
CO 
A 
//^  \ \ 
/ J  \  \  
1  6 0  • /  p  !  \  
H  
k  
3 0  
/  /  '  \  ^\  
J f ù  1  \  
I  f  ! \ Vo 
/ /  »  V  \  
Jf 1 \ \ 
r  1  \  V  
•  l i p  
Q Rii 1 
- i n  
( i n  
0  
2 0  t o  6 0  8 0  
a - degrees 
1 0 0  1 2 0  
Figure 30. Tangential forces versus angle of wrap. 
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Figure 31. Normal forces versus angle of wrap. 
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Figure 32. Normal forces versus angle of wrap (polar coordinates). 
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either indicate that the force acting on the cob towards the very rear of 
the concave was purely tangential (i.e. the cob was swept out of the 
crescent by the rasp-bar without any compressive action) or the assumption 
of constant velocity used in the extrapolation was incorrect. 
There are two possible explanations for the fact that the tip-in 
orientation has higher kernel damage than the roll-in: 
1. There were higher tangential forces on tip-in at the initial stage 
of shelling as shown in Figure 30. At the beginning of the concave the 
percentage of grain is the highest and higher forces mean a higher 
number of kernels are likely to be damaged. 
2. The normal forces across the entire shelling crescent were 
slightly higher for the roll-in orientation than for the tip-in orienta­
tion. However, there was considerably less area of contact between the 
rasp-bar and the ear for the latter. Hence, there were higher forces per 
unit area (stress) for the tip-in orientation. This may explain the 
higher levels of damage caused by the tip-in orientation. 
Efficient start of the shelling operation with minimum damage would 
insure a successful completion of the process. The predominance of the 
normal force at the initial stages of the shelling for both orientations, 
suggested the development of some theoretical approach to predict the 
normal force along the concave. One plausible approach will be discussed 
in the next section. 
3. Theoretical prediction of the normal force 
The procedure outlined in this section deals only with the computation 
of the normal force for the roll-in orientation. The procedure combines 
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experimental techniques with theoretical analysis. The following assump­
tions were made to simplify the analysis: 
1. Shelling takes place under quasi-static uniaxial normal force. 
2. Strains along the tangential and transverse directions are 
negligible. 
3. The concave clearance decreases linearly with angle of wrap (a). 
4. The ear of corn is homogenous in structure and material. 
5. Corn ears with the same weight, diameter and length behave the 
same under similar shelling conditions. 
6. The rasp-bar impacts the ear across the entire length. 
Since the strain on the ear and the modulus of elasticity of the 
material change with the angle of wrap along the concave, the following 
functional relationship applies: 
where a = angular position on concave 
= stress acting on the ear at position a 
= modulus of elasticity at position a 
= strain at position a 
The experimental procedure for determining E^ , and other 
parameters used in the analysis will be discussed in this section. 
Uniform ears of Dekalb XL66 with moisture content 24 percent were 
utilized in the determination of parameter values at different location 
on the concave. 
Each ear was fed into the stationary sheller by hand with its axis 
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parallel to the axis of the cylinder. The cylinder was rotated by hand 
until the ear reached the desired position (angle of wrap) marked on the 
concave. Three replications were used for each position on the concave. 
Different sets of ears were used for the different locations along the 
entire length of concave. Since most of the grain was shelled in the 
first 60 degrees, the ears to be run through the concave more than 60 
degrees were run through the sheller with the cylinder power electrically. 
Each set of ears was identified by the value of the angle of wrap on the 
concave. 
The Instron testing machine was used to compress individual ears as 
shown in Figure 33, to a load of 500 pounds (arbitrarily chosen to provide 
a stress-strain curve with a linear portion) to secure data for calculation 
of modulus of elasticity (E^ )• A typical stress-strain curve for an ear 
of corn under compression is shown in Figure 34. Since the loading curve 
in Figure 34 is non-linear, the linear portion was used for the computa­
tion of the modulus of elasticity. The loading specification used in the 
experiment are indicated on Figure 34. The modulus of elasticity was 
computed from the following relationship: 
P/(A ) 
G — LT (4—2) 
a  e  . (cross-head speed)/(chart speed) 
or 
E = stress/strain 
a  
where E^  = modulus of elasticity for position a 
P = force (Figure 32) 
A = area of kernels in contact with cross head 
a 
e = distance on chart proportipnal to ^ frain (Figure 32) 
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Figure 33. Compression of an ear of corn in the Instron. 
ijg o^  E^ astiicl 
I ^ 
;O 4 O) 
- i  —  -  f • -  J  •  I  -  4  
foice |- ^ 00 [Lbs 
CWart speed i" 210 c: 
XHhead spee4 * l2 c#/min 
Figure 34. Force-strain diagram for an ear of com. 
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Peak load = 500 lbs 
Cross-head speed = 2 cm/min 
Chart speed = 20 cm/min. 
The area (A^ ) of each ear (shelled to a given angle of wrap, removed 
from shelling crescent and placed in Instron testing machine) in contact 
with the cross head was traced with a felt marker on a transparent paper 
after the ear was compressed to 500 pounds. A planimeter was used to 
evaluate the traced area. The computed values for the area in contact with 
the cross head versus position of angle of wrap is shown in Figure 35. 
These values were used in Equation 4-2 in computing the corresponding 
values for E . The computed values of modulus of elasticity (E^ ) versus 
angle of wrap (a) are shown in Figure 36. 
The ear strain at any position along the concave was computed from 
the following equation: 
a 
where a = angular position on concave 
E = strain at position a 
a 
C = concave clearance at position a 
a 
6 = ear diameter at position a 
a 
The concave clearance C^  (Figure 38) was assumed to be linear and 
was accordingly computed from the following straight line equation: 
(Cr - C ) .a 
- Cf (4-4) 
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Figure 35. Area of ear to cylinder contact versus angle of wrap 
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Figure 36. Modulus of elasticity versus angle of wrap. 
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where a = angular position on concave 
= concave clearance at. position a 
= front concave clearance f 
= rear concave clearance 
0 = concave wrap angle. 
The ear diameter 6^  (Figure 37) along the concave was measured for the 
angle of wrap before the ears were placed in the Instron and compressed to 
secure data for calculating the modulus of elasticity. 
With all the terms in Equation 4-3 defined, the strain and the 
stress can respectively be computed from Equations 4-3 and 4-1. 
The theoretical normal force for different positions on the 
concave was computed from the following relation: 
= OA ' AA (4-5) 
where (F*) = theoretical normal force 
N a 
= stress at position a, computed from Equation 4-1 
A = area of ear in contact with rasp-bar, obtained from 
Figure 33. 
The computed theoretical force is superimposed on the experimental 
data on rectangular coordinates and polar coordinates in Figures 39 and 40, 
respectively. 
The theoretical normal force has the same dome shape as the experi­
mental values (Figure 39 and 40). The peak force (310 lbs) for the 
theoretically computed normal force occurred 17 degrees from concave 
inlet. Some of the possible reasons for the difference in peak values are; 
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Figure 37. Ear diameter versus angle of wrap. 
Figure 38. Cylinder to concave clearance. 
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Figure 39. Normal forces versus angle of wrap. 
EXPERIMENTAL 
THEORETICAL 
Figure 40. Normal forces versus angle of wrap (polar coordinates). 
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1. The large magnitude of the theoretical normal force computed from 
Equation 4-5 [(F') =0 • A ] could be attributed to large values of either 
N a a a 
the area (A^ ) or the stress (a^ ) used in the computations. However, it is 
most likely that the magnification in the theoretical values was mainly due 
to the assumption that the ear is impacted by the rasp-bar across its 
entire length. Consequently, the contact areas (A^ ) used in the computa­
tion were considerably higher than what actually took place. 
2. If the stress i o ) ,  computed from Equation 4-1 (a = E • e ), was 
oc - oc cx cx 
higher than that actually acting on the ear, the large normal force could 
be attributed to either high values of the modulus of elasticity (E^ ) or to 
high values of strain (e^ ). Since higher levels of strain would be 
expected under dynamic conditions, the strain (e ), computed for static 
- 9% * 
conditions by Equation 4-3 (e^  = g ), should have minimum values. 
Hence, the modulus of elasticity (E ) would be the most likely source of 
error in Equation 4-1 (a^  = • e^ ) that could have resulted in high 
values of stress which would have magnified the theoretical normal forces. 
3. The E^  values should have been computed from the non-linear 
portion of the curve (by drawing a tangent at the point representing the 
actual normal force exerted on the ear in the shelling crescent). 
No attempts were made to evaluate E^  under different loading 
conditions to verify the above explanations. Hence, this leaves an area 
open for further investigation. 
4. Conclusions 
1. The roll-in orientation ears suffered least damage for all 
moisture contents tested while the tip-in orientation suffered the most 
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damage. Randomly fed ears experienced medium levels of damage (Figure 20)„ 
2. For both orientations, the normal force predominated over the 
front part of the concave while the tangential force became predominant 
towards the rear part of the concave (Figures 26 and 27). This would 
imply that shelling was mainly initiated by noirmal compressive forces. 
3. The normal force for the tip-in orientation was considerably 
higher than that for the roll-in orientation along the entire concave 
length (Figure 29). This could possibly be the cause for the higher level 
of damage associated with the tip-in orientation. 
4. The normal forces computed by the theoretical method did not 
agree with the experimental values (Figure 37). Improved theoretical 
equations need to be developed. 
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V. DAMAGE EVALUATION 
Mechanical damage to corn kernels has many adverse effects (Chapter 
I and II); the most important being the economic loss to the farmer. 
Bailey (12) estimates that the farmer loses up to 3 cents on every bushel 
of corn he sells because of broken kernels alone. This amounts to a 
total loss of approximately $75 million annually to grain producers in 
the corn belt. 
Mechanical damage of a corn ranges from a bruised pericarp to a 
smashed kernel to kernel fines and is directly or indirectly caused by 
the equipment used in harvesting, drying, handling and(or) the methods 
used in operating this equipment. 
The quality of grain at any level of mechanical damage has a potential 
of being further lowered by subsequent handling. McGinty (119) reported 
that an increase of 2 percent in corn fines during handling may cause a 
loss of 2 or more cents per bushel. 
The definitions of mechanical damage and measurements are numerous 
(Chapter II, Section E). The one most commonly used is the official grain 
standards established by the U.S. Department of Agriculture (Chapter II, 
Section D). It defines broken corn as that portion which will readily 
pass through a 12/64 inch round hole sieve. This definition does not 
account for a large part of damage in the price scale. Nevertheless, 
subsequent quality deterioration and grade reduction lower the value of 
the corn to the final buyer and reduce the price he can afford to pay. 
Consequently, this lower price is passed indirectly to the farmer. 
Evaluation of total mechanical damage is likely to be enforced 
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shortly to eliminate the price confusion in the grain industry. Such a 
practice would create an incentive for the equipment manufacturer to 
improve his machines and for the farmer to produce better quality grain 
through better machine adjustment and harvesting at the proper moisture 
content. 
The lack of reliable, easy and quick techniques or procedures for 
testing a sample of corn for total damage is impeding the enforcement of 
penalties for damage other than fines. The methods of damage evaluation 
presently used by research workers (Chapter II, Section F) are slow, 
expensive and inaccurate. The need for improved methods and (or) the 
exploration of areas that would possibly lead to the development of new 
and accurate measuring techniques for damage determination was the objec­
tive underlining the studies reported in this chapter. 
The physical and rheological properties of some agricultural products 
have been studied by several research workers (98, 130, 137, 202). Some 
of these properties were found very useful in designing the appropriate 
equipment for processing and handling of the products (96, 149, 150). 
Detailed inforaation on some of these studies are outlined in Chapter II, 
Section F. 
The physical and viscoelastic properties of bulk shelled corn were 
conceived as a possible indication of the level of damage in a sample. 
The studies reported in this chapter investigated the effect of mechanical 
damage in shelled corn in the following parameters: 
A. Bulk density of shelled corn 
B. Strain of bulk shelled corn 
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C. Compressive energy dissipated in compressing bulk shelled corn 
D. Time of relaxation of compressed shelled com-
The mechanical damage used in the study included fines, broken 
kernels, crushed or chipped kernels and kernels with unaccentuated cracks 
(no dyeing agent was used to accentuate the cracks). 
A. Bulk Density of Shelled Corn 
The above parameters were evaluated from the same experiment. Hence, 
the experimental procedure will be outlined only in this section. 
1. Experimental procedure 
The corn used in these tests was shelled in the stationary laboratory 
sheller (Figure 9, Chapter III) to provide uniform damaged experimental 
material. The sheller cylinder speed was 500 RPM; front concave clearance, 
1-1/4 inches, rear concave clearance, 5/8 inch and the corn was fed at the 
rate of 300 bushels per hour. The damaged portion for each moisture 
content was separated from the shelled corn. First, a .12/64 round hole 
sieve was used to separate the fines and second, the damaged kernel : that 
remained on top of the sieve were picked out by hand. These two damaged 
separates were mixed together. Ears of corn (from the same batch of that 
shelled by the cylinder) were hand shelled to provide for the undamaged 
portion in samples tested. The damaged corn and the hand shelled portion 
were sealed in separate polyethelene bags to prevent moisture loss. 
Samples were prepared in the laboratory by mixing the damaged and 
hand shelled corn in the right proportions for each level of damage tested. 
The prepared sample was poured into a cup made of steel pipe of 2 inch 
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inside diameter. The cup containing the sample was placed on a vibrating 
shaker for 30 seconds so that kernels in all the tests would have equal 
opportunity to orient and settle in the cup. The Instron testing machine 
(Figure 41) was used to compress the shelled corn to a desired peak force. 
The rate of applying the force and the recorder chart speed were selected 
before the force was applied. When the force reached the peak value, the 
Instron cross head was stopped and the force was relaxed for a few minutes. 
A typical force relaxation curve is illustrated in Figure 42. The results 
reported in Sections A, B and C were evaluated from the loading part 
(Figure 42) while the results in Section D were evaluated from the 
relaxation part. 
The effect of the following independent variables on density of 
compressed shelled corn as well as the other variables to be studied were 
evaluated: 
1. Percent damage (by weight) 
2. Moisture content (w.b.) 
3. Compression force 
4. Rate of applying force 
5. Variety 
6. Container size. 
Only one variety (Pioneer 3369A) and one container size (cylinder 2 inches 
in diameter) were used in the study. 
Six levels of damage were investigated: 0.0, 10.0, 20.0, 30.0, 40.0 
and 50.0 percent; at three moisture content levels: 18, 24 and 29 percent. 
Samples were compressed at force levels of 1000 and 2000 pounds, applied 
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Figure 41. Instron testing machine. 
(1) Recording chart 
(2) Sample container 
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Figure 42. Reproduction of the loading relaxation curve. 
115 
at rates of 2 and 5 cm per minute. 
The different levels of the main effects with three replications 
resulted in 216 treatment combinations. 
2. Statistical analysis and results 
The bulk density of the sample was computed from the following 
relation: 
p = (5-1) 
ND & 
where p = sample bulk density prior to compression (dry matter gm/c.cm) 
w = sample dry matter weight (gm) 
d = container diameter (cm) 
a = precompressed sample height (cm). 
The results are listed in Table C-1, Appendix C. 
Due to the fact that the ability in sample preparation and in 
operating the Instron would improve with time, the data was collected 
according to a completely randomized block design layout. 
Although bulk density is not a function of the force and the rate at 
which the force is applied, the latter parameters were included in the 
analysis of variance since they were utilized in computing the initial 
height of the sample. The initial sample height was obtained by adding 
the strain computed from the force diagram (Figure 42) to the height of 
the compressed sample. 
A computer program (34) was used in the analysis of variance for the 
data employing the following model: 
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p = A(I) + F(J) + R(K) + FR(JK) + D(L) + FD(JL) + RD(KL) 
+ FRD(JKL) + M(N) + FM(JN) + EM(KN) + FRM(JKN) + DM(LN) 
+ FDM(JLN) + CDM(KLN) + FRDM(JKLN) + E(IJKLN) (5-2) 
where p = bulk density 
A = replication 
F = force 
R = rate of applying the force 
D = damage 
M = moisture content 
E = error 
and the limits were 
1 =  3 ,  J  =  2 ,  K =  2 ,  L = 6  a n d  N  =  3 .  
The analysis of variance for Equation 5-2 shown in Table 8 indicates 
that all the main effects but the rate of applying the force have a highly 
significant effect on density. 
A multiple regression computer program (106) for all the significant 
variables in the analysis of variance was used in developing a prediction 
equation for bulk density as the dependent variable. The program was used 
several times to eliminate factors contributing less than 1 percent to the 
2 
coefficient of determination (R ). The final prediction equation has 
the following form: 
p = a + ^ (^F) + BgCM) + 33(D) (5-3) 
where p = sample bulk density prior to compression (gm/cc) 
F = force (lbs) 
M = moisture content 
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Table 8. Analysis of variance for density 
Source^  
Sum of 
squares DF 
Mean 
square 
X 10"^ 
F 
A 21.49 2 10.74 1.38 
B 573.50 1 573.50 73.44** 
C 29.63 1 29.63 3.80 
BC 6.12 1 6.12 0.78 
D 37798.40 5 7559.67 968.07** 
BD 157.20 5 31.44 4.03** 
CD 97.31 5 19.46 2.49* 
BCD 47.60 5 9.52 1.219 
F 357.00 2 178.50 22.86 
BF 1.55 2 0.78 0.10 
CF 7.15 2 3.57 0.46 
BCF 0.26 2 0.13 0.02 
DF 39.87 10 3.99 0.51 
BDF 78.33 10 7.83 1.00 
CDF 45.06 10 4.51 0.58 
BCDF 117.57 10 11.76 1.51 
ERROR 1108.88 142 7.81 
TOTAL 40486.85 215 
A^ = replicate, B = force 
damage, F = moisture content. 
**Significant at 1% level 
*Significant at 5% level. 
, c = rate of applying the force, D = 
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D = percent damage 
and a = 0.75 
= 0.00001 
Bg = -0.0092 
= -0.00041 
2 
The coefficient of determination (R ) of Equation 5-3 accounted for 95 
percent of the data scatter. The analysis of variance for Equation 5-3 
is shown in Table 9. 
The analysis of variance for the regression equation (Table 9) 
indicated a highly significant reduction in sum of squares due to the 
regression. 
Table 9. Analysis of variance for Equation 5-3 
Sum of Mean 
Source squares DF square F 
Total 0.40487 215 
Regression 0.38426 3 0.12809 1317** 
Residual 0.02061 212 0.00010 
2 Coefficient of determination (R ) = 0.949 
**Significant at 1% level. 
The effect of different levels of damage, of moisture and force on 
density are illustrated in Figure 43. The bulk density of the uncompressed 
sample decreased with an increase in damage level at all moisture 
contents. Bulk density also decreased with increase in moisture content 
for the same level of damage. 
nfflSIUAC... 
NSJSLUFIC... IR#X» 
fWOfCKQ 
O.OQ I .00 3.00. 7.00 
0W.VS.Ifll5)ltlli91l wmuM... n#%i 
mOiSTWt... ir#%i RWOICTFO 
3.00 0.00 7.00 
moisiumt... (lAxi 
itOISIUM... 
nojsiuat... IMXI 
^«OKICO 
.00 f 00 
OAMACE 
j 00 7.00 (% WT.) 
MJSIWV... (ir/i 
«IlStUM... tt%t\ 
n9i3TM^ ... leiZI 
rMoiciro 
S 00 7.00 1.00 
Figure 43. Uncompressed bulk density versus damage (L. = 1000 lbs, L„ = 2000 lbs 
= 2. cm/min., Sg = 5 cm/min.). 
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Apparently, the type of mechanical damage inflicted on kernels at 
lower moisture content was such that the damaged portion filled in the 
voids more readily than the type of damage at higher moisture contents. 
Consequently higher bulk densities resulted at the lower moisture contents 
for the same levels of damage. The decrease in bulk density with increased 
damage could partially be explained by assuming that damaged kernels and 
portions of kernels tend to occupy more volume than undamaged kernels. 
The predicted values from the regression equation fitted individual 
sets of experimental data very closely (Figure 43) by virtue of the high 
2 
coefficient of determination (R = 0.95). However, the gradients of the 
fitted lines are very small which make the difference in bulk density 
between one level of damage and the other very small. Practical applica­
tion of such technique would require very precise and accurate piece of 
equipment of at least the same resolution as the Instron for measuring 
the initial length of the sample. 
B. Strain of Bulk Shelled Corn 
The strain of the compressed sample was computed from the following 
relation: 
a 
where e = strain cm/cm 
Z = initial sample height cm 
= compressed sample height cm. 
The results computed from Equation 5-4 are listed in Table C-1, Appendix C. 
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1. Statistical analysis and results 
The analysis of variance for Equation 5-2 with strain as the dependent 
variable shown in Table 10 indicates force and damage are highly 
significant, while the rate of applying the force and moisture are 
significant at the 5 percent level. The multiple regression analysis for 
all the significant terms in the analysis of variance yielded the following 
prediction equation; 
e = a + 6^ (F) + BgCa) + GgCM) + (5-5) 
where e = strain cm/cm 
F = force (lbs) 
R = rate of applying the force cm/min 
M = moisture content 
D = percent damage 
and a = -0.047, = 0.000053, 6^  = -0.00095 
= 0.014, e, = 0.00021 
The analysis of variance shown in Table 11 for Equation 5-5 indicates 
a highly significant reduction in sum of squares due to the regression. 
2 The coefficient of determination (R ) of the regression equation accounts 
for 95 percent of the data scatter. 
The predicted values computed from Equation 5-5 for different moisture 
contents and loading conditions are superimposed on corresponding experi­
mental data (Figure 44). 
Strain increased with an increase in damage. For all levels of 
damage, strain increased with an increase in moisture content. However, 
122 
Table 10. Analysis of variance for strain 
Sum of Mean 
Source^  squares DF square F 
X 10-4 X 10-5 
A 0.11 2 0.55 0.06 
B 1535.47 1 15354.65 1728.62** 
C 4.42 1 44.20 4.98* 
EC 10.62 1 106.22 11.96** 
D 8807.43 5 17614.85 1983.07** 
BD 1779.16 5 355.83 40.06** 
CD 39.55 5 79.10 8.91** 
BCD 46.26 5 92.53 10.42** 
F 8.16 2 40.82 4.60* 
BF 11.10 2 55,50 6.25** 
CF 0.23 2 1.13 0.13 
BCF 1.99 2 9.93 1.12 
DF 21.51 10 21.51 2.42** 
BDF 20.56 10 20.56 2.32** 
CDF 4.26 10 4.26 6.48 
BCDF 4.91 10 4.91 0.52 
ERROR 126.13 142 8.88 
TOTAL 10820.55 215 
A^=replicate, B=force, C=rate of applying the force, D=damage, F= 
moisture content. 
**Significant at 1% level. 
*Significant at 5% level. 
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Figure 44. Strain versus damage (Lj^  = 1000 lbs, = 2000 lbs, = 2 cm/min., Sg = 5 cm/min.). 
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Table 11. Analysis of variance for Equation 5-5 
- Sum of Mean 
Source squares DF square 
Total 1.0821 215 
Regression 1.0311 4 0.2578 1067.80** 
Residual 0.0510 211 0.0002 
2 Coefficient of determination R = 0.953 
**Significant at 1% level. 
in the experimental data in part c and d, Figure 44, the strain tended 
to decrease with an increase in damage for a moisture content of 29 
percent. 
The gradients of the fitted lines are also very small and thus 
consequently lower the potential of strain as a measuring index for 
damage. 
C, Compressive Energy Dissipated in Compressing Bulk Shelled Corn 
The energy required to compress a sample of corn can be evaluated 
from the following integral: 
F 
 ^" J f(t,dR/dt) dF (5-6) 
o 
n = compressive energy 
f(t,dR/dt) = function describing the applied force 
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F = maximum compressive force 
dR/dt = applied rate of strain 
t = time 
The compressive energy was, however, computed from the area 
indicated by A, under the force curve shown in Figure 42. The area under 
this curve for each sample tested was evaluated by the planimeter and 
converted to units of inch-pounds using the scales of the graph. The 
computed results are shown in Table C-1, Appendix C. 
1. Statistical analysis and results 
The analysis of variance for Equation 5-2 with compressive energy as 
the dependent variable shown in Table 12 shows that force, rate of 
applying force, damage and moisture content are highly significant. All 
the main effects and significant interactions in the analysis of variance 
(Table 12) were used as the initial independent terms in the multiple 
regression analysis for the prediction equation. The final prediction 
equation developed has the following form: 
N = A + 6 (^F) + GGCR) + 6](M) + 6 (^D) (5-7) 
where n = compressive energy (in,-lb) 
F = force (lbs) 
R = rate of applying force inch/min 
M = moisture content 
D = damage percent 
and a = 136.6, 6^  = 0.326, g = 12.05, g = 4.87, 6^  = -1.45. 
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Table 12. Analysis of variance for compressive energy 
Sum of Mean 
Source^  squares DF square 
A 
B 
C 
BC 
D 
BD 
CD 
BCD 
F 
BF 
CF 
BCF 
DF 
BDF 
CDF 
BCDF 
35.84 
5745756.00 
70596.63 
34076.09 
327979.80 
95463.00 
67694.63 
9692.05 
56292.32 
10024.64 
2364.31 
8546.31 
9451.80 
5591.10 
10224.06 
17403.10 
2 
1 
1 
1 
5 
5 
5 
5 
2 
2 
2 
2 
10 
10 
10 
10 
17.92 
5745756.00 
70596.63 
34076.09 
65595.94 
19092.60 
13538.92 
1938.41 
28146.16 
5012.32 
1182.15 
4273.15 
945.18 
559.11 
1022.41 
1740.30 
0.02 
6075.41** 
74.65** 
36.03** 
69.36** 
20.19** 
14.32** 
2.05 
29.76** 
5.3** 
1.25 
4.52* 
1.00 
0.59 
1.08 
1.84 
ERROR 
TOTAL 
134295.00 
6605481.00 
142 
215 
945.74 
A = Replicate, B = Force, C 
F = Moisture content. 
**Significant at 1% level. 
*Significant at 5% level. 
= Rate of applying force, D = Damage, 
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The analysis of variance for the prediction equation shown in Table 13 
indicates a highly significant reduction in sum of squares due to 
2 
regression. The coefficient of determination (R ) for Equation 5-7 
accounts for 91.6 percent of the data scatter. 
Table 13. Analysis of variance for Equation 5-7 
Source 
Sum of 
squares DF 
Mean 
square 
Total 
Regression 
Residual 
6605481.00 
6053410.60 
552070.40 
215 
4 
211 
1513352.60 
2616.45 
578.40** 
Coefficient of determination (R ) = 0.916 
&*Significant at 1% level. 
The experimental data shown in Figure 45 indicates that the compres­
sive energy decreases with increase in damage. The results from density 
and strain experiments discussed in Sections A and B indicate that a 
sample with a higher level of damage occupies more volume (higher void 
ratio). It follows that the higher the level of damage, the lower the 
energy required to compress the sample. Also, because energy has been 
already expended on the grain to cause damage, less energy input is needed 
to compress the grain. 
Figure 45 shows that the compressive energy varies little with 
variation in moisture content, resulting in data overlap for different 
levels of moisture. This phenomenon is not a serious drawback, since the 
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objective is to establish highly correlated relationships between vari­
ables involved. For clarity, individual curves for compressive energy 
versus damage for different forces and application rates are shown in 
Figures 46 and 47. The prediction equation fitted the experimental data 
very closely for moisture contents of 18 and 24 percent at the higher 
level of force (Figure 46,a,b), while at moisture 29 percent the predicted 
values fitted the experimental data more closely at the lower level of 
force (Figure 47,c). 
The significant decrease in compressive energy over the range of 
damage tested (3 inch-lb per 1 percent change in damage) provides adequate 
precision for the evaluation of damage in a sample of shelled corn. 
The only disadvantage with the compressive energy technique was the 
lengthy and time consuming computation. 
D. Time of Relaxation of Compressed Shelled Corn 
In stress relaxation tests, the sample is brought to a given deforma­
tion, and the stress required to hold the deformation constant is measured 
as a function of time. Since the objective of this study was to establish 
an index for measuring damage in a sample of shelled corn, the concept of 
stress relaxation was modified to meet the needs and the available 
equipment limitations. Each sample was compressed until the level of force 
desired was reached and then the strain induced by the force was held 
constant. The stress at constant strain was found to decay exponentially 
(Figure 42) and was measured as a function of time. 
' The most important viscoelastic parameter to be obtained from stress 
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relaxation tests is time of relaxation. The time of relaxation is the time 
required for the stress in a body to decay to 1/e (e = 2.72) of its 
initial value (Figure 42). 
1. Theory 
The behavior of a perfectly elastic body such as spring is described 
by Hooke's Law. 
a /e = E and e = a /E (5-8) 
s s s s 
and the equation of a viscous body such as a dashpot is 
a^ /e = n (5-9) 
where E = modulus of elasticity (psi) 
Og = spring stress (psi) 
Cg = spring rate of stress (psi/sec) 
Eg = spring strain(inch/inch) 
Eg = spring rate of strain (1/sec) 
n = viscosity (psi/sec) 
= dashpot stress (psi) 
= dashpot rate of strain (1/sec). 
A viscoelastic material can be represented by a Maxwell element, a spring 
and a dashpot in series. For a single element Maxwell model, the strains 
are additive. 
e = e + e (5-10) 
s V 
Differentiating Equation 5-10 and substituting E and E from Equations 
s V 
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5-8 and 5-9, respectively yields 
e = £ + e 
s V 
Ê = G /E + a /n (5-11) 
s V 
Since in a Maxwell model, the same force is carried through the spring 
and dashpot, substitution for = a in Equation 5-11 yields 
£ = (j/E + a/n (5-12) 
If the Maxwell model is subjected to a constant strain; = o, and the 
term n/E (having the dimension of time) is replaced by the symbol T, called 
the time of relaxation, Equation 5-12 can be reduced to 
6 + a/T = 0 (5-13) 
Integration of the above differential equation produces, 
a = a e-[t/(n/E)] _ ^ (5-14) 
to o  ^
where = stress at time t 
t = time 
Og = integration constant - initial stress 
e = base of Naperian logarithm (2.72) 
T = time of relaxation 
2. Computation of time of relaxation 
If the plot of the logarithm of stress (or, force for a constant area) 
versus time is linear, the material is Maxwellian and the time of 
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relaxation can be determined from the slope of the straight line 
according to Equation 5-14. In most cases, however, the plot is non­
linear, indicating that the rheological behavior of the material does not 
follow that of a single Maxwell element but an array of Maxwell elements 
connected in parallel as shown in Figure 48. 
Figure 48. An array of Maxwell elements connected in parallel 
Several methods have been developed to compute the time of relaxa­
tion from non-linear plots of the logarithm of stress versus time. The 
most common are central limit theorem, simultaneous equations, point of 
inflection and successive residual methods. Detailed descriptions of 
these methods are outlined by Mohsenin (130)= Among all the methods 
available, the successive residual method is the simplest and can be 
applied to all types of data from relaxation curves. 
The successive residual method, when done manually, is time consuming 
and involves inherent errors. Plotting the stress relaxation data on a 
multi-cycle semilog graph might introduce significant errors, particularly 
when the scale factor is very large. Zoerb (202) pointed out that in the 
4 
///////////////////// 
% 
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process of obtaining the residual curves, the chances of error become 
greater as the differences become smaller. Also, drawing a tangent is 
subject to human judgment and errors made will be magnified in the 
subsequent iterations. A computer program was developed to overcome the 
limitations and errors introduced by manual computation in the 
successive residual method. The program follows a sequence of steps 
identical to one used in manual computation. The computation procedure 
used in the program can be discussed with the help of the flow chart shovm 
in Figure 49. 
The stress values read from the original stress curve were converted 
into logarithm scale and plotted versus time. The plotted curve can be 
represented by an array of exponential terms as follows: 
-tlx, -t/T, -t/T 
0^  = e + Cg e ... + e (5-15) 
or, = a^ (t) + + OgCt)... + a^ (t) 
where = stress at time t (psi) 
= intercept of ith tangent (psi) 
= time constant, of ith tangent 
n = number of elements in Maxwell model. 
Each exponential term in Equation 5-15 represents an equation of a 
straight line on semi-log coordinates. 
The slope of the tangent to the straight portion of the curve is 
computed from the coordinates of the last two points read. 
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Read 21 values of 
time into T 
I 
Read 21 values of 
load into P . 
Ï 
N = 21 
\ ~r 
\ Print T and P / 
\ values / TIT 
AP(I) « In P(I) 
for I » 1 to N 
I 
Plot AP vs. T for 
N points on a new 
set of axes 
3 
s -
AP(N) - AP(N-•1) 
T(N) - T(N - 1) 
TAU - 1/S 
C = P(M) 
EXP(S*T(N) 
T 
1 
Yd) - S*Td) + C 
for 1 " 1 to N 
1 
Plot Y vs. 
axis as AP 
T on same 
vs. T Plot 
* Compute residuals 
Rd) - Pd) - Yd) 
for I - 1 to N 
Print T, P, Y, R, AP 
N Values 
Print S, TAU, C 
I 
P(I) = R(I) 
for I " 1 to N 
Call Subrotine Decide 
returns new value 
i l \ 
of N" y 
YES 
STOP 
Figure 49. Flow chart for computation of time of relaxation 
by the successive residual method. 
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The tangent drawn to the last point on the curve contributes the 
largest constants and (of the first exponential term) in Equation 
5-15. The original curve and the first tangent are shown in Figure 50,a. 
The new curve called first residual is obtained from point by point 
difference between the original curve and its tangent. The residual curve 
is treated in a manner similar to that applied to the original curve. 
The tangent drawn on the first residual curve as shown in Figure 50,b 
gives Tg and Cg. The difference between the first residual curve and its 
tangent is plotted as the second residual curve. The process is repeated 
until the original curve is represented by a number of straight lines that 
determines the value of n in Equation 5-15. The original curve shown in 
Figure 50,a has the following stress equation: 
= 556 G-T/LGSL ^ + 118 ET^/G 
+ 37 e't/S + 153 (5-16) 
The numerical values in Equation 5-16 correspond to the constants defined 
in Equation 5-15. 
This equation represents the original data by 4 straight lines and 
an intercept equals 153 pounds on semilog coordinates. The original data 
can consequently be simulated by a four element Maxwell model. The 
computer output for the data of the above example is shown in Table 14. 
The time of relaxation (1726 sec) was obtained by the summation of the 
individual time constants [TAU(J)] shown in Table 14. The differences 
between the original data and the computed values (Table 14) are very 
small and can be neglected for all practical purposes. The superimposed 
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Figure 50. Simplotter output for the computation of time of relaxation by the 
successive residual method. 
Table 14. Computer output for the computation of 
residual method 
I  F l k S I  S c C C h U  T n l  F j U d T H  
E X P C N E N T .  t X P L N E M .  a x P C N E N T .  E X P ' J N E N T .  
1  5 5 t , 4 e  7 3  1  J 5 . 9 f c £ 5  1 1 7 . 7 2 4 5  3 6 . 9  2 9 9  
l i J û .  B 4 1 C  « 6 . 4 1 7 9  1 7 . 5 6 3 7  
3  t & 4 . 9 C l ' l  1 1 8 . 3 0 8 9  6 3 . 4  3 6  7  d . 3 5 3 3  
4  l i e . 3 3 0 7  4 6 . 5 6 6 9  3 . 9 7 2 8  
5  5 5 3 . . - 1 5 3  l C 2 . 9 i 7 e  3 4 . 1 8 3 3  O . O  
b  5 5 2 . 5 3 0 3  9 6 . 0 0 4 2  2 5 . 0 9 2 9  0 . 0  
7  5 5 1 . 7 4 2 4  6 9 . 5 4 6 2  l b . 4 2 0 J  0 . 0  
8  5 5 0 . 9 5 5 6  8 1 . 5 2 2 9  1 3 . 5 2 1 5  0 . 0  
Ç  5 5 0 . 1 6 5 7  7 7 . 9 0 4 6  9 . 9 2 5 7  0 . 0  
1 0  5 4 5 . 3 6 5 3  7 2 . 6 6 4 <  0 . 0  0 . 0  
1 1  5 4 8 . 6 0 1 6  6 7 . 7  7 6 4  0 . 0  0 . 0  
1 2  5 4 6 . 6 4 7 7  5 6 . 9 4 7 2  0 . 0  0 . 0  
1 3  5 4 4 . 7 C C 9  4 7 . 8 4 d j  0 . 0  0 . 0  
1 4  5 4 2 . 7 6 1 0  4 0 . 2 0 3  2  0 . 0  0 . 0  
1 5  5 4 0 . 8 2 7 9  3 3 . 7 7 9 6  0 . 0  0 . 0  
1 6  5 3 6 . 9 8 2 4  2 3 . 8 4 7 5  0.0 0 . 0  
1 7  5 3 3 . 1 4 4 3  1 6 . 8 3 5 7  0 . 0  0 . 0  
1 8  5 2 5 . 6 0 9 1  a . 3 9 0 9  0 . 0  0 . 0  
1 9  5 1 6 . 1 6 1 1  0 . 0  0 . 0  0 . 0  
2 0  50e . 9 S S 5  0 . 0  0 . 0  0 . 0  
i.1 4 9 9 . 9 9 5 b  V  .  U  0 . 0  0 . 0  
C (  J )  5 5 6 . 4 6 7 3 0 5  1 3 6 . 9 6 3 4 8 C  1 1 7 . 7 2 * 5 4 8  3 6 . 9 2 9 8 7  
S (  J )  - C . J C C 6  - 0 . 0 2 9 C  - Û . 1 2 0 8  - 0 . 3 0 9 7  
T A U ( J )  1 6 8 1 . 6 6 6 2  3 4 . 4 6 5 1  7 . 7 6 3 2  3 . 2 2 9 3  
TIME OF RELAXATION - 1681.67 + 34.47 + 7.76 + 3.23 - 1727.13 SEC. 
of relaxation by the successive 
F I F T H  C O M P U T E D  O R I G I N A L  E R k C k  
t X P L N B N T .  c u K v e  C U R V E  L B S .  
1 5 ^ . 8 o 9 8  9 9 9 . 9 9 9 3  1 0 0 0 . O O u O  0 . U 0 0 7  
0 . 0  7 8 6 . 3 1 5 9  7 8  7 . u O O O  0 . 4 8 4 1  
0 . 0  7 4 4 . 9 9 9 0  7 4 5 . 0 0 0 0  0 . 0 0 0 2  
0 . 0  7 1 4 . 9 9 9 8  7 1 5 . 0 0 0 0  0 . 0 0 0 2  
0 . 0  6 9 0 . 4 5 0 4  6 9 3 . 0 0 0 0  2 . 5 6 9 6  
0 . 0  6 7 a . 6 2 7 2  6 7 5 . 0 0 0 0  I . 3 7 2 8  
0 . 0  6 5 9 . 7 0 8 5  6 6 1 . 0 0 0 0  1 . 2 9 1 5  
0 . 0  6 4 7 . 9 9 9 8  6 4 8 . u O O O  0 . 0 0 0 2  
0 . 0  6 3 7 . 9 9 9 8  6 3 8 . 0 0 0 0  0 . 0 0 0 2  
0 . 0  6 2 2 . 0 4 9 3  6 2 3  « 0 0 0 0  2 . 9 5 0 7  
0 . 0  6 1 6 . 3 7 7 7  6 C 1 . 0 0 0 0  4 . 6 2 2 3  
0 . 0  6 0 3 . 5 9 4 7  6 0 6 . 0 0 0 0  2 . 4 0 5 3  
0 . 0  5 9 2 . 5 4 9 1  5 9 5 . C 0 0 0  2 . 4 5 0 9  
0 . 0  5 8 2 . 9 6 4 1  5 8 5 . 0 0 0 0  2 . 0 3 5 9  
0 . 0  5  7 4 . 6 0 7 4  5 7 6 . O O U O  1 . 4 9 2 6  
0 . 0  5 6 0 . 8 2 9 8  5 6 1 . 0 0 0 0  0 . 1 7 0 2  
0 . 0  5 4 9 . 9 9 9 8  5 5 0 . 0 0 0 0  0 . 0 0 0 2  
0 . 0  5 3 3 . 9 9 9 8  5 3 4  . C U O O  0 . 0 0 0 2  
o . c  3 1 8 . 1 6 1 1  5 2 0 . C 0 0 Ù  1 . 8 3 8 V  
0 . 0  5 0 8 . 9 9 9 5  5 0 9 . 0 0 0 0  0 . 0 0 0 5  
0 . 0  4 9 9 . 9 9 9 8  5 0 0 . 0 0 0 0  0 .  0 0 0 2  
1 ! j 2 . 8 O 9 7 5 1  
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computed values on the original data (Figure 51) illustrate the good 
results obtained by computerizing the successive residual method of 
computation. 
The Fortran program used in these computations is listed in Figure 
C-1, Appendix C. 
3. Statistical analysis and results 
The time of relaxation for each sample tested was computed by the 
successive residual method using the computer program discussed in the 
previous section. The computed values are listed in Table C-1, Appendix C. 
The analysis of variance for Equation 5-2 with time of relaxation 
as the dependent variable is shown in Table 15. All the main effects ex­
cept rate of applying the force are highly significant. The multiple 
regression analysis for all the significant terms provided the prediction 
equation in the following final form; 
T = a + + GgXR) + GgCM) + 64(D) + e^ Cwf) + Bg(D^ ) + 
6y(D.F) (5-17) 
where T = time of relaxation (sec) 
F = force (lbs) 
R = rate of applying force cm/min 
M = moisture content 
D = percent damage 
and a = 9.87, 6^  = 0.0033, = 0.19, g_ = 2.30, = -0.87, = -0.056, 
Bg = 0.0096, B = 0.00026. 
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Figure 51. Computed curve superimposed on original curve of force versus time. 
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Table 15. Analysis of variance for relaxation time 
Sum of 
Source squares DF 
Mean 
square F 
A 41.63 2 20.81 3.45* 
B 5049.86 1 5049.86 836.53** 
C 17.68 1 17.68 2.93 
BC 55.61 1 55.61 9.21** 
D 559.46 5 111.89 18.54** 
BD 808.98 5 161.80 26.80** 
CD 159.10 5 31.82 5.27** 
BCD 153.77 5 30.75 5.09** 
F 144.42 2 72.21 11.96** 
BF 318.74 2 159.37 26.40** 
CF 21.19 2 10.60 1.76 
BCF 57.00 2 28.50 4.72** 
DF 1240.45 10 124.05 20.55** 
BDF 814.85 10 81.48 13.50** 
CDF 94.14 10 9.41 1.56 
BCDF 53.60 10 5.36 0.89 
Error 857.20 142 
Total 10447.66 215 
A^ = Replicate, B = Force, 
F = Moisture content. 
*Significant at 5% level. 
**Significant at 1% level. 
C = Rate of applying force. D = Damage, 
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The analysis of variance for Equation 5-17 shown in Table 16 indicates a 
highly significant reduction in sum of squares due to the regression. 
2 
However, the coefficient of determination is rather low (R = 0.753). The 
2 low value of R necessitated a lack of fit test to show whether the 25 
percent scatter in the data not accounted for by the regression equation 
Table 16. Analysis of variance for Equation 5-17 
Source 
Sum of 
squares DF 
Mean 
square F 
Total 10447.66 215 
Regression 7861.54 7 1123.08 90.33** 
Residual 2586.12 208 12.43 
Pure error 857.2d* 142® 6.04 
Lack of fit 1728.92 66 21.20 3.54** 
Coefficient of determination (R^ ) = 0.753 
S^um of squares and DF were obtained from analysis of variance 
Table 15. 
**Significant at 1% level. 
was due to lack of fit or to pure error (58) . Of the 25 percent of the 
sum of squares not accounted for by the regression equation, the lack of 
fit test indicated that pure error accounted for 22 percent and lack of 
fit for 78 percent. The high significance of the lack of fit implies that 
the prediction equation developed could have been improved by including 
some variables that were not considered in the data reported, or possibly 
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by changing the levels of parameters used. 
The experimental data shown in Figure 52 overlap for the different 
levels of moisture. With 1000 lbs compressive force (Figure 52,a,b) 
the time of relaxation decreases linearly with increase in damage for all 
moisture levels tested. However, with 2000 lbs compressive force 
(Figure 52,c,d), the time of relaxation assumes a non-linear form. These 
trends imply that the relaxation time can be used efficiently to predict 
damage if the sample is compressed to the lower level force. 
No predicted values were superimposed on the experimental data since 
2 
R is rather low (0.75). Improved prediction equations could, however, 
be developed for individual data sets at the lower level of force. 
E. Conclusions 
Bulk density of shelled corn decreased linearly with increase in 
damage. Although the variation in bulk density within each moisture level 
was small (0.0004 gm/c.cm per 1 percent change in damage), the coefficient 
2 
of determination was very high (R = 0.95) which confirms the reliability 
of the method. 
Strain at a given load (1,000 and 2,000 lbs) increased linearly with 
increase in damage. The variation in strain within the same moisture 
content over the range of damage tested was also small (0.0002 cm/cm per 
1 percent change in damage). Like bulk density, the data scatter within 
2 
each moisture was minimal (R = 0.95) . 
The development of reliable and precise equipment would render these 
techniques useful in evaluating damage in shelled corn. 
-s 
OTÛ " 
°C. 
IJ'1! 
AM.VS.m-TjMC (L2S1I 
UBISTUnC... UB21 c 
ltOI5Tl«C...I2H'ZI * MCLSTUMC...129%! « 
"8 
-d-
AM.VS.m-TlMC fL232l 
neisiurc... (tszi 
HOISTUflC... t?4Zl â 
HOISTUflt...t29ïl • 
DAMAGE / % HTJ°° 5.00 IxlO' ) 
DAMAGE 
1 
S.00 (SLQ' 
iiiïi'"'! 
2.00 
uamage 
S.00 
dto' I 
-fN 
Ln 
Figure 52. Time of relaxation versus damage (L^  = 1000 lbs, 
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Lg = 2000 lbs, 
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The compressive energy decreased linearly with increase in damage at 
2 
a fairly high coefficient of determination (R = 0.91). This technique 
would provide an accurate means for damage evaluation since the change in 
energy per one percent change in damage is sizable (3 inch-lb). Although 
the computation of the compressive energy was lengthy, this would not be 
a problem in country grain elevators once the prediction curves are 
established. 
The prediction equation developed for the time of relaxation has a 
2 
rather low coefficient of determination (R = 0.75). Nevertheless, the 
data scatter was minimal at the 1000 lbs force (Figure 52,a,b) and the 
relaxation time decreased linearly with increase in damage. The decrease 
in time of relaxation per 1 percent change in damage is of measurable size 
(0.4 minutes per 1 percent change in damage). In a manner similar to the 
compressive energy, the time of relaxation would provide adequate indica­
tion for damage if appropriate equipment and levels of force are used. 
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VI. SUMMARY AND CONCLUSIONS 
A. Summary 
A survey was conducted in the fall of 1969 and the fall of 1970 
to determine the quality of com delivered to country elevators by the 
farmers direct from the combine or the dryer. An analysis of the data 
showed that more than 50 percent of the kernels were damaged; this survey 
showed that the quality of the corn had deteriorated much more than had 
been previously reported and provided motivation for this study. The 
literature reviewed revealed a need for work in the following areas: 
1. Distribution of mechanical damage and throughput of shelled corn 
from front to rear of the shelling mechanism of a combine cylinder. 
2. Effect of ear orientation on mechanical damage and on the forces 
involved in the shelling process. 
3. Development of efficient and reliable techniques for evaluating 
mechanical damage. 
A laboratory sheller with an instrumented concave was constructed 
from conventional combine parts. Shelling experiments with the laboratory 
sheller and a laboratory study of the physical and rheological properties 
of shelled corn were conducted to provide information to solve the above 
problems. 
The first set of shelling experiments studied the distribution of the 
throughput in 5 zones of the shelling crescent and concave extension and 
the magnitude of damage in each zone. The throughput distribution was 
defined by the specific separation index (S.S.I.) as the percent weight 
of shelled corn that passes through 1 inch of concave length. The S.S.I. 
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decayed exponentially (Equation 3-10) along the 39 inches of concave and 
concave extension. At the concave inlet the average S.S.I, was 5.0 while 
at the concave extension it was 2.0. The average throughput in the 
shelling mechanism was 63 percent through the concave (Zone 1, 2 and 3), 
26 percent through the concave extension and 11 percent past the concave 
extension. 
The mechanical damage caused in the process of shelling increased 
linearly (Equation 3-12) from 15 percent at concave inlet to 45 percent 
past the concave extension. 
The second set of experiments studied the effect of three ear orienta­
tions (roll-in, tip-in, and random) on damage. The forces acting on the 
concave were measured for the roll-in and tip-in orientations. The normal 
and tangential forces were computed from the recorded forces for each 
position in the shelling crescent. High speed photography was utilized 
in tracing the advancement of the ear down the shelling crescent. 
The roll-in orientations suffered the least damage, while the tip-in 
suffered the most damage. Randomly fed ears experienced medium levels of 
damage (Figure 20). Damage versus moisture was non-linear (parabolic) 
for all orientations with the minimum damage at 22 percent moisture 
content. 
For the roll-in and tip-in orientations, the normal force pre­
dominated over the front part of the concave while the tangential force 
became predominant towards the rear of the concave. The maximum normal 
forces were 120 and 87 pounds for roll-in and tip-in orientations, 
respectively. For both orientations, the maximum force occurred about 
20 degrees from concave inlet. The maximum tangential forces for the 
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roll-in and tip-in orientations were 122 and 117 pounds, respectively 
and occurred at 47 and 37. degrees from concave inlet. 
The third set of experiments studied methods for evaluating the 
magnitude of damage in a preconstructed sample of shelled corn; a sample 
of 40 percent damage was constructed by mixing 6 parts by weight sound 
kernels with 4 parts damaged kernels. Factors investigated were initial 
(precompressed) bulk density, strain, compressive energy and time of 
relaxation. Bulk density and strain provided highly correlated linear 
2 
relationships (R = 0.95), however, the average changes per one percent 
change in damage were 0.004 gm/c.cm and 0.002 cm/cm for density and strain, 
respectively. Such small changes would require highly sensitive and 
precise equipment for these techniques to be of practical use. 
The compressive energy decreased linearly with increase in damage 
O 
at a fairly high coefficient of determination (R" = 0.91). The change in 
compressive energy per one percent change in damage was of a relatively 
measurable magnitude (3 inch-lb). 
The prediction equation developed for the time of relaxation has a 
2 
rather low coefficient of determination (R = 0.75). However, the data 
for the 1000 pound force was linear and time of relaxation decreased with 
increase in damage at a sizable gradient (0.4 min per 1 percent change in 
damage). At the 2000 pound force the time of relaxation had a non-linear 
relationship with damage. 
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B. Conclusion 
1. Concave studies 
a. The average throughput in the shelling mechanism was found to be 
63 percent through the concave, 26 percent through the concave extension 
and 11 percent past the concave extension. The percent weight of total 
shelled corn through one inch of concave length (specific separation 
index, S.S.I.) decayed exponentially from concave inlet to end of concave 
extension. 
b. The mechanical damage inflicted in the shelling process increased 
linearly with distance along the concave. The longer the kernel stayed 
in the shelling crescent the more damage it suffered. 
c. The level of damage sustained by each variety tested indicated 
that variety was a highly significant variable. Accordingly, some 
varieties could be developed with physical properties and morphological 
characteristics that make the grain more resistant to mechanical damage. 
d. A dual sheller was proposed to eliminate unnecessary impacts on 
the ear after shelling is initiated. The dual mechanism consists of a 
conventional combine cylinder, a shelling grate and a belt sheller. 
2. Ear orientation studies 
a. The roll-in orientation ears suffered the least damage for all 
moisture contents tested while the tip-in orientation suffered the most 
damage. Randomly fed ears experienced medium levels of damage. 
b. For the roll-in and tip-in orientations, the normal force 
predominated over the front part of the concave while the tangential 
force became predominant towards the rear of the concave. 
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c. The normal force for the roll-In orientation was slightly 
higher than that for the tip-in orientation along the entire concave 
length. For the high level of damage sustained by the tip-in orientation, 
it was concluded that the area in contact with the rasp-bar for the 
tip-in orientation must have been much less than that of the roll-in. 
d. The normal force values computed for the roll-in orientation 
from a quasi-static, uniaxial stress theory did not agree with the 
experimental values. 
3. Damage evaluation 
a. Uncompressed bulk density of shelled corn decreased linearly 
with increase in damage. 
b. Strain at a given load increased linearly with increase in 
damage. 
c. The changes in density and strain per one percent change in 
damage were 0.004 gm/c.cm. and 0.002 cm/cm, respectively. The potential 
of these two variables as indices for measuring damage is complicated 
because of the low rate of change with change in damage. 
d. Compressive energy decreased linearly with increase in damage, 
with a sizable change per one percent change in damage (3 inch-lb). 
e. The time of relaxation responded linearly at a low level of 
compressive force (1000 lbs) and non-linearly at a high level (2000 lbs). 
f. The compressive energy and time of relaxation with appropriate 
levels of compressive forces were found to be the best indices for 
measuring damage in shelled corn. 
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C. Suggestions for Further Study 
To improve on the prediction equation for the specific separation 
index (S.S.I.) it is necessary to increase the number of zones 
across the shelling mechanism. Five zones for the concave and three 
for the concave extension should be sufficient. The number of levels 
for concave clearance, feed rate and cylinder speed should also be 
increased. 
A break down of damage in order of severity in each zone is necessary 
if elimination of the undesirable type of damage is the set goal of 
the effort expended in modifying the design of the shelling mechanism 
for less damage. 
Development of an ear-orientation cylinder feeder. Such mechanism 
should be able to feed individual ears with their axis parallel to 
the axis of the cylinder, at a feed rate equivalent to the normal way 
of feeding. Evaluation of the effect of such feeding on damage 
should be compared with regular way of feeding. 
Practical use of the physical and rheological properties of shelled 
corn in evaluating damage requires extensive experimentation with a 
wide range of compressive force, rate of applying the force, sample 
size and container size for establishing optimum prediction values. 
In studying the relationships of damage to the physical and 
rheological properties of shelled corn, the effect of different 
types of damage on these properties should be examined. 
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IX. APPENDIX A; CONCAVE STUDIES DATA 
R E P  
1 
2 
3  
1 
2 
3  
1 
2 
3  
1 
2 
3  
I 
2 
3  
1 
2 
3  
1 
2 
3  
1 
2 
3  
T A B L E  A - 1 .  S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C 0 N C A V 9  
V A R .  R P M .  M . C .  o
 
o
 
Z O N E  S E P .  I N D E X  D A M A G i  
W . B .  I N I .  %  W T . / I N .  S W T .  
4 5 0  1 8  1 . 0 0  1  4 . 9 1  1 8 . 9 3  
4 5 0  1 8  1  . 0 0  1  5 . 0 7  2 2 . 0 0  
4 5 0  1 8  1 . 0 0  1  5.22 1 6 . 0 1  
4 5 0  1 8  1  . 3 0  2  2 . 3 9  2 3 .  3 4  
4 5 0  1 8  1  . 0 0  2  2 .  3 4  2 2 . 3 5  
4 5 0  1 8  1 . 3 0  2  2 .  3 2  ? 9 . 5 2  
4 5 0  1 8  1  . 3 0  3  1 .  7 6  3 4 .  3 5  
4 5 0  1 8  1  . 0 0  3  1 . 8 0  3 0 . 3 9  
4 5 0  1 8  1  . 0 0  3  1 . 6 0  3 3 . 0 1  
4  5 0  1 8  I  . 3 0  4  1 . 6 2  33.36 
4 5 0  1 8  1  . 0 0  4  1 .  5 4  4 7 . 0 7  
4 5 0  1 8  1  . 0 0  4  1 . 6 5  4 3 . 6 7  
4 5 0  1 8  1 . 0 0  5  * 1 0 . 9 7  4 4 . 5 0  
4 5 0  1 8  I  . 0 0  5  * 1 2 .  6 4  5 0 . 2 4  
4 5 0  1 8  1 . 0 0  5  * 1 0 . 9 4  4 0 . 0 4  
4 5 0  1 8  1  . 2 5  1  3 . 6 2  1 7 . 8 2  
4 5 0  1 8  1  . 2 5  1  3 . 4 2  1 1 .  7 2  
4 5 0  1 8  1  . 2 5  1  3 . 4 7  1 6 . 6 2  
4 5 0  1 8  1  . 2 5  2  2 .  5 2  2 2 . 5 1  
4 5 0  1 8  1  . 2 5  2  2 . 4 8  2 6 . 6 4  
4 5 0  1 8  1  . 2 5  2  2 . 5 0  1 9 . 7 8  
4 5 0  1 8  1  . 2 5  3  1 .  3 1  2 8 . 0 9  
4 5 0  1 8  1 . 2 5  3  1 . 6 3  2 4 . 6 5  
4 5 0  1 8  1  . 2 5  3  1 .  8 4  3 0 .  8 6  
S H F L L E D  C O R N  C O L L E C T F O  9 E Y 3 N 0  C O N C A V E  E X T F N S T ^ N  
to 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
RPM. M.C. C.C. ZONE SEP.INDEX DAMAGE 
CO 
IN. % WT./IN. %WT. 
450 18 1 .25 4 2.07 39.49 
450 18 1.25 4 2.24 36.21 
450 18 1.25 4 2.05 32. 03 
4 50 18 1.25 5 *11.62 39. 56 
450 18 1.25 5 *11.80 39. 17 
450 18 1 .25 5 *12. 26 38. 04 
450 22 I .00 1 5. 16 12.90 
450 22 1 .00 1 4. 79 13.06 
450 22 1 .00 1 5.22 11.84 
450 22 1 .00 2 2.65 18,22 
450 22 1 .00 2 2. 76 17.42 
4 50 22 I .30 2 2.84 24.28 
450 22 1.00 3 1. 74 23.17 
450 22 1 .30 3 1. 78 26. 96 
450 22 1 .00 3 1.62 28.10 
450 2 2 1 .00 4 1.81 33.92 
450 22 1.00 4 l.RO 37.67 
4 50 22 1.00 4 1.71 33.84 
4 50 22 1 .00 5 *12.43 33. 58 
450 22 I .00 5 *11.32 37. 22 
450 22 1 .00 5 *10.75 40.42 
450 22 1 .25 1 3.67 10. 81 
450 22 1 .25 1 3.48 13.27 
450 22 1 .25 1 3. 86 12.49 
•-PERCENT OF SHELLED CORN COLLECTEH RFYDND CONCAVE EXTENSION 
TABLE A-1....0ATA CONTINUED ON NEXT PAGE 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
SPECIFIC SEPARATION INDEX AND DAMAGE ALONG CONCAVE 
VAR. RPM. M.C. C.C.  ZONE SEP.INDEX DAMAGE 
W.B. IN.  • • • • % WT./IN.  %WT. 
450 22 1.25 2 2.50 17.21 
450 22 I  .25 2 2.49 19.66 
450 22 1  .25 2 2.78 19.42 
450 22 1.25 3 1.9? 24.19 
450 22 1 .25 3 1.74 26.  36 
450 22 I  .25 3 1.67 27.81 
450 22 1.25 4 2.  00 36.39 
450 22 1 .25 4 2.  12 39.69 
450 22 1.25 4 2.  20 34.46 
450 22 1.25 5 *11.50 39.55 
450 22 I  .25 5 *12.14 34.40 
450 22 1.25 5 *  7.30 38.81 
450 25 1 .00 1 5.47 17.71 
450 25 1 .00 1 5.55 13.49 
450 25 1 .00 1 5.51 15.42 
450 25 1 .00 2 2.87 25.94 
450 25 1.00 2 2.  79 22.53 
450 25 1 .00 2 2 .38 24.  74 
450 25 1.00 3 1.  69 34.35 
450 25 I  .00 3 1.  59 32.49 
450 25 1 .00 3 1.36 28.  18 
450 25 1.00 4 1.5% 39.58 
450 25 1  .00 4 1.77 42.  22 
450 25 1 .30 4 1.80 45.  76 
SHELLED CORN COLL FCTED BEY3N0 CONCAVE EXTENSION 
TABLE A-1. . . .DATA CONTINUED ON NEXT PAGE 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
I 
2 
3 
1 
2 
3 
I 
2 
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
RPM. M.C. C.C.  ZONE SEP.INDEX DAMAG! 
W.9.  IN.  % WT./IN.  %WT. 
450 25 1.00 5 *10.  50 48.88 
450 25 1.00 5 *10.  64 46.  90 
450 25 1 .00 5 *  9.48 51.76 
450 25 1.25 1 3.  83 13.25 
450 25 1 .25 1 4.04 15.65 
4 50 25 1.25 1 4.04 17.80 
450 25 1.25 2 2.40 23.  16 
450 25 1 .25 2 2.60 25.97 
4 50 25 1  .25 2 2.58 20.65 
450 25 1.25 3 1.  A6 31.41 
450 25 I  .25 3 1 .  59 35.94 
450 25 1 .25 3 1.73 30.46 
450 25 I  .25 4 2.  11 41.6? 
4 50 25 1.25 4 2.  12 48.35 
450 25 1 .25 4 2.00 47.  20 
450 25 1 .25 5 *11.04 45.  35 
450 25 1 .25 5 *10.56 39.69 
450 25 1 .25 5 *10.81 52.14 
4 50 27 1 .00 1 5.69 16.05 
450 27 1 .30 1 5.  36 14.  97 
450 27 1 .00 1 5.26 18.94 
4 50 27 1.00 2 2 .  86 31.23 
450 27 1 .00 2 3.  05 26.  33 
450 27 1 .30 2 2.35 20.08 
«-PERCENT OF SHELLED CORN COLLECTED BEYOND CONCAVE EXTENSION 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
REP 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. PPM. M.C. C.C.  ZONE SEP.INDEX DAMAGE 
. . . .  . . . .  W.B. IN.  . . . .  % WT./IN.  ^WT. 
450 27 1.00 3 1.64 39.02 
4 50 27 1 .00 3 1.23 26.96 
450 27 1 .00 3 1.53 31.41 
4 50 27 1.30 4 1.  59 43.  85 
4 50 27 1 .00 4 1.76 43.47 
4 50 27 1.00 4 1.73 49.16 
4 50 27 1 .00 5 * 9.61 52.  38 
450 27 1 .30 5 * 9.55 49.44 
4 50 27 1.00 5 *10.14 55.59 
450 27 1  .25 1 4.17 17.  87 
450 27 1.25 1 4.16 16.71 
450 27 1 .25 1 3.91 12.  86 
450 27 1.25 2 2.81 29.39 
450 27 1 .25 2 2.  82 26.78 
450 27 1 .25 2 2.72 22.20 
450 27 1.25 3 1.61 34.77 
450 27 1.25 3 1.64 33.  33 
450 27 1  .25 3 1.75 33.52 
4 50 27 1.25 4 1.  94 46.22 
450 27 1  .25 4 1.95 48.52 
4 50 27 1.25 4 1.96 40.57 
450 27 1.25 5 *10.41 51.  85 
4 50 27 1 .25 5 * 9.82 49.3 7 
4 50 27 1.25 5 *10.66 49.25 
•-PERCENT OF SHELLED CORN COLLECTED BEYDNO CONCAVE EXTENSION 
TABLE A-1. . . .DATA CONTINUED ON NEXT PAGE 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. RPM. M.C. C.C.  ZONE SEP. INDEX DAMAGI 
• • • • W.B. IN.  % WT./IN.  %WT. 
450 30 1.00 1 5.  10 23.  29 
450 30 1 .00 1 5.69 19.30 
450 30 1.00 1 5.  89 16.85 
450 30 1.00 2 2.  86 32.34 
450 30 1 .00 2 2.93 34.53 
450 30 1 .00 2 3.  00 27.92 
450 30 1 .30 3 1.80 33.07 
450 30 .1.00 3 1.77 42.13 
4 50 30 I  .00 3 1.  73 36.  10 
450 30 1 .00 4 I .  36 51.17 
450 30 1 .00 4 1.  13 57.73 
450 30 1 .30 4 1.02 53.45 
450 30 1.00 5 *11.36 60.36 
450 30 1 .00 5 *14.39 58.  61 
450 30 I  .00 5 *14.94 57.05 
450 30 1 .25 1 4.32 18.52 
450 30 1 .25 1 3.  64 13.66 
4 50 30 1 .25 1 3.97 14.63 
4 50 30 1.25 2 3.  00 31.13 
450 30 1 .25 2 2.69 27.44 
450 30 1.25 2 2.82 26.91 
450 30 1 .25 3 1.  59 34.  38 
450 30 1 .25 3 1.88 40.13 
450 30 1.25 3 1.  82 39.  25 
SHFLLED CORN COLL FCTED BEYOND CONCAVE EXTENSION 
T A B L E  A - 1 . . . . 0 A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
RPM. M.C. C.C.  ZONE SEP. INDEX DAMAGE 
W.B. IN.  % WT./IN.  %WT. 
4  50 30 1.25 4 1.87 50.12 
450 30 1.25 4 1.87 44.37 
450 30 1.25 4 1.  78 55.  87 
450 30 1 .25 5 * 8.98 66.93 
4 50 30 1.25 5 *11.97 55.72 
450 30 1.25 5 *11.36 55.29 
600 18 1 .00 1 5.25 17.97 
6 00 18 1 .00 1 5.29 18.  83 
6 00 18 1 .00 1 5.53 14.  89 
6 00 18 1 .00 2 2.  79 29.24 
600 18 1 .30 2 2.  34 21.81 
600 18 1 .00 2 2.81 27.21 
6 00 18 1 .00 3 1.  47 37.06 
600 18 1 .00 3 1.39 32.63 
600 18 1.00 3 1.44 37.63 
6 00 18 1 .00 4 1.  72 45.  71 
6 00 18 1 .00 4 1.66 46.25 
600 18 1 .00 4 1.  68 37.40 
6 00 18 1 .00 5 *11.54 54.71 
600 18 1.00 5 *12.58 44.08 
6 00 18 1 .00 5 *11.29 57.59 
6 00 18 1 .25 1 4.01 9.29 
6 00 18 1.25 1 3.81 10.11 
600 18 1 .25 1 4.01 11.02 
•-PERCENT OF SHELLED CORN COLLECTED REY3ND CONCAVE EXTENSION 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. 
*-PER 
RPM. M.C. C.C.  ZONE SEP.INDEX DAMAQI 
W.B. IN.  * # # # % WT./IN.  %WT. 
6  00 18 1.25 2 2.66 19.79 
600 18 1.25 2 2.74 18.93 
6 00 18 1 .25 2 . 2 .78 21 .  89 
6 00 18 1.25 3 1.61 24.05 
6 00 18 1.25 3 1.  76 27.  56 
6 00 18 1 .25 3 1.73 32.88 
600 18 1.25 4 1.97 43.56 
600 18 1 .25 4 1.96 42.  50 
6 00 18 I  .25 4 1.78 38.  15 
600 18 1 .25 5 *11.96 43.72 
6 00 18 1.25 5 *10.63 43.22 
6 00 18 1 .25 5 *12.45 49.82 
600 22 1 .00 1 5.  27 11.04 
6 00 22 1 .00 1 5.33 8.34 
6 00 22 1 .00 1 5.24 17.90 
600 22 1.00 2 2.  75 22.44 
600 22 1 .30 2 2.66 16.55 
600 22 1 .00 2 2.73 28.05 
600 22 1 .00 3 1.63 33.00 
600 22 1.00 3 1.48 2 5 .44 
600 22 1.00 3 1.  54 28.43 
600 22 1  .00 4 1.69 44.76 
600 22 1.00 4 1.82 31.35 
6 00 22 1  .30 4 1.78 48.42 
SHELLED CORN COLLECTED 3EYDNN CONCAVE EXTENSION 
vo 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
V A R .  R P M .  M . C .  o
 
o
 
Z O N E  S E P .  I N D E X  D A M A G '  
W . B .  I N .  %  W T . / I N .  % W T .  
6 0 0  2 2  1 . 0 0  5  * 1 0 . 8 2  4 9 . 7 6  
6 0 0  2 2  1  . 0 0  5  * 1 1 . 1 7  4 5 . 1 1  
6 0 0  2 2  1 . 0 0  5  * 1 0 .  7 1  46.93 
6 0 0  2 2  1  . 2 5  1  4 .  1 9  8 . 1 2  
6  0 0  2 2  1 . 2 5  1  3 .  7 4  1 0 . 8 5  
6 0 0  22 I  . 2 5  1  4 .  5 5  1 1 . 4 0  
6 0 0  2 2  1  . 2 5  2  2.52 1 6 . 8 5  
6  0 0  22 1 . 2  5  2  2 . 5 1  1 8 . 3 5  
6 0 0  2 2  1  . 2 5  2  2 .  6 6  1 9 . 6 3  
6  0 0  2 2  1  . 2 5  3  1 . 8 3  24.95 
6 0 0  2 2  1  . 2 5  3  2 .  0 0  27.49 
6 0 0  2 2  1  .25 3  1 . 8 8  24.26 
6 0 0  2 2  1 . 2 5  4  1 . 9 5  3 9 . 0 1  
6 0 0  2 2  1 . 2 5  4  1 .  9 9  3 7 . 2 9  
6 0 0  2 2  1  . 2 5  4  1 . 9 7  3 5 . 6 2  
6 0 0  2 2  1 . 2 5  5  * 1 1 . 1 3  4 7 . 4 1  
6 0 0  2 2  1  . 2 5  5  * 1 0 . 6 1  4 2 . 9 4  
6  0 0  2 2  I  . 2 5  5  * 1 0 . 6 4  4 6 . 4 2  
6 0 0  25 1  . 0 0  1  5 .  2 9  1 3 . 3 2  
6 0 0  25 1 . 0 0  1  5 .  1 9  1 4 . 4 3  
6 0 0  2 5  1  . 0 0  1  5 .  7 5  1 5 . 7 0  
6  0 0  25 1  . 0 0  2  2 .  7 3  21.61 
6  0 0  25 1  . 0 0  2  2 . 8 1  29.45 
6  0 0  25 1 . 0 0  2  2.94 2 6 . 8 2  
S H E L L E D  C O R N  C O L L E C T E D  8EY3N? C O N C A V E  E X T E N S I O N  
M 
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o  
T A B L E  A - 1 . . . . 0 A T A  C O N T I N U E D  O N  N E X T  P A G E  
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. RPM. M.C. C.C.  ZONE SEP. INDEX DA^AGF 
W. B.  IN.  % WT./IN.  %WT. 
600 25 1 .00 3 1.  42 28.76 
600 25 1 .00 3 1.74 36.77 
600 25 1 .00 3 1.45 33.36 
6 00 25 1.00 4 I .  79 49.24 
6 00 25 1 .00 4 1.64 45.50 
600 25 1.00 4 1.  64 55.12 
600 25 1  .00 5 *10.94 52.28 
600 25 1.00 5 *10.17 55.3]  
6 00 25 1 .00 5 *10.  70 49.20 
600 25 1 .25 1 4.  76 14.27 
600 25 1 .25 1 4.  50 16.30 
600 25 1 .25 1 4.  32 12.89 
600 25 1.2 5 2 2 .83 25.00 
600 25 1.25 2 2.63 ?B. 42 
600 25 1 .25 2 2.  66 26.32 
600 25 1 .25 3 1.6 3 35.51 
600 25 1.2 5 3 1.69 39.56 
600 25 1.25 3 1.72 30.6? 
600 25 1 .25 4 1.  BP. 53.63 
600 25 I  .25 4 1.93 46.72 
600 25 1.25 4 1.92 50.66 
6 00 25 1  .25 5 *10.  06 49.29 
600 25 1 .25 5 *10.77 60.  57 
6 00 25 1.25 5 *10.34 56.43 
M 
00 
•-PERCENT OF SHELLED CORN COLLECTED BEYOND CONCAVE EXTENSION 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
I 
2 
3 
1 
2 
3 
1 
S P E C I F I C  S E P A R A T I O N  I N D E X  A M D  D A M A G E  A L O N G  C O N C A V E  
VAR. P PM. M.C. c . c .  ZONE SEP.INDEX DAMAGE 
W.B. IN.  # # # # ? WT./IN. %WT. 
6  00 27 I  .30 1 5.64 16.28 
600 27 1.00 1 5.  80 14.72 
6 00 27 1 .00 1 6.  12 19.  77 
6 00 27 1.00 2 2.85 26.96 
600 27 1.00 2 2 .  85 27.93 
600 27 1 .30 2 2.85 25.  34 
6 00 27 1.00 3 1.47 36.37 
600 27 1 .30 3 1.44 30.  07 
600 27 1 .00 3 1.40 39.69 
6 00 27 1 .00 4 1.68 48.43 
600 27 1 .30 4 1.69 50.62 
6 00 27 I  .00 4 1.63 50.48 
600 27 1 .00 5 * 10.  10 58.78 
600 27 1 .30 5 * 9.82 55.72 
600 27 1 .00 5 * 9.  80 56.11 
6 00 27 1 .25 1 4.  90 16.34 
6 00 27 1 .25 I  4 .  56 18.56 
6 00 27 1  .25 1 4.  56 17.31 
600 27 1 .25 2 2 .69 24.  12 
600 27 1 .25 2 2 .  76 29.97 
600 27 1.25 2 2.  77 26.34 
600 27 1 .25 3 1.78 33.85 
600 27 1  .25 3 1.69 37.94 
6 00 27 1 .25 3 1.62 37.81 
SHELLED CORN COLLE :TED BEYOND CONCAVE EXTENSION 
00 to 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
> E P .  V A R .  R P M .  M . C .  o
 
o
 
Z O N E  S E P . I N D E X  D A M A G  
• • • «  • • • •  W . B .  I N .  %  W T . / I N .  % W T .  
1  1  6  0 0  2 7  1 . 2 5  4  1 . 8 1  5 9 . 6 7  
2  1  6  0 0  2 7  I  . 2 5  4  1 .  8 6  6 0 . 2 8  
3  1  6 0 0  2 7  1  . 2 5  4  1 . 8 5  5 4 . 7 1  
1  1  6 0 0  2 7  1 . 2 5  5  *  9 . 5 ?  6 8 . 9 0  
2  1  6 0 0  2 7  1  . 2 5  5  *  9 . 9 0  6 4 .  5 9  
3  1  6  0 0  2 7  1  . 2 5  5  * 1 0 . 6 9  6 3 .  3 8  
1  1  6 0 0  3 0  1 . 0 0  1  5 .  5 4  1 8 . 3 7  
2  1  6  0 0  3 0  l  . 0 0  1  5 . 4 8  1 7 . 2 9  
3  1  6 0 0  3 0  1 . 0 0  1  5 . 5 7  1 9 . 0 0  
1  1  6 0 0  3 0  I  . 0 0  2  2 .  8 4  3 3 .  8 3  
2  I  6 0 0  3 0  l  . 0 0  2  2 . 9 9  3 5 . 3 1  
3  I  6  0 0  3 0  1  . 0 0  2  2 . 9 3  2 8 . 2 3  
1  1  6 0 0  3 0  1  . 3 0  3  1 . 7 0  3 8 . 6 8  
2  I  6  0 0  3 0  1  . 0 0  3  1 . 6 3  3 8 . 6 5  
3  1  6 0 0  3 0  1  . 0 0  3  1 . 6 4  4 4 . 2 5  
1  1  6 0 0  3 0  1  . 3 0  4  1 .  3 7  5 6 . 4 4  
2  I  6 0 0  3 0  1 . 0 0  4  1 . 4 4  6 3 . 3 7  
3  I  6 0 0  3 0  1  . 0 0  4  1 . 4 5  5 8 . 5 5  
L  1  6 0 0  3 0  1  . 3 0  5  * 1 1 . 9 8  6 6 . 6 4  
2  1  6 0 0  3 0  1  . 0 0  5  * 1 0 .  9 0  7 6 . 3 4  
3  I  6 0 0  3 0  1  . 3 0  5  * 1 1 . 2 9  5 8 . 7 0  
I  I  6 0 0  3 0  1 . 2 5  1  4 . 7 0  1 9 . 3 4  
2  1  6 0 0  3 0  1 . 2 5  1  4 .  5 2  1 6 . 3 8  
3  1  6 0 0  3 0  1  . 2 5  1  4 . 9 4  1 7 . 6 6  
^ - P E R C E N T  O F  S H E L L E D  C O R N  C O L L = C  T E D  B E Y O N D  C O N C A V E  E X T E N S I O N  
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
S P F C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
EP. VAR. R PM. M.C. C .C .  ZONE SEP.INDEX DAMAGF 
W.P.  IN.  % WT./IN.  %WT. 
1  1 600 30 1.25 2 2.93 28.27 
2 I  600 30 1 .25 2 2 .  74 29.  83 
3 1 600 30 1.25 2 2.  84 32.48 
1 1 6 00 30 1 .25 3 1.  60 45.37 
2 1  600 30 1 .25 3 1.  30 43.44 
3 1 6 00 30 1.25 3 1.67 36.75 
I  1  600 30 1  .25 4 1.  76 54.91 
2 1  6 00 30 L .2  5 4 1.71 56.45 
3 1 600 30 1.25 4 1.70 69.06 
1 I  600 30 1 .25 5 *10.04 65.  71 
2 1  6 00 30 1 .25 5 *11.57 67.  17 
3 1  600 30 1 .25 5 *10.  49 68.66 
1 2 450 18 1 .00 1 5.  09 19.20 
2 2 4  50 18 1 .00 1 5.46 18.89 
3 2 450 18 1 .00 1 5.38 17.17 
1 2 450 18 1 .DO 2 2 .99 23.72 
2 2 450 18 1 .00 2 2 .  89 30.  95 
3 2 450 18 1 .00 2 3 .00 23.78 
1 2 450 18 1 .00 3 1.63 31 .18 
2 2 450 18 1.00 3 1.27 31.83 
3 2 450 18 1 .00 3 1.28 33.82 
1 2 450 18 1.00 4 1.55 46 .67 
2 2 4  50 18 1 .00 4 1.  81 41.  14 
3 2 450 18 1 .00 4 1.73 48.12 
«-PERCENT OF SHELLED CORN COLLEC TED BEY3ND CONCAVE EXTENSION 
T A B L E  A - 1 . . . . 0 A T A  C O N T I N U E D  O N  N E X T  P A G E  
R E  
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
V A R .  R P M .  M . C .  C  * L, # Z O N E  S E P .  I N D E X  D A M A G i  
• • • • W . B .  I N .  %  W T  . / I N .  % W T .  
2  4 5 0  1 8  1  . 0 0  5  * 1 0 .  6 9  5 0 .  3 0  
2  4 5 0  1 8  I  . 0 0  5  * 1 0 .  3 0  5 6 .  9 2  
2  4 5 0  1 8  1  . 0 0  5  * 1 0 .  5 2  5 7 .  8 4  
2  4 5 0  1 8  1  . 2 5  1  3 .  1 2  1 6 .  5 5  
2  4 5 0  1 8  1  . 2 5  1  3 .  3 5  1 4 .  9 3  
2  4  5 0  1 8  1  . 2 5  1  2 .  8 2  2 0 .  9 4  
2  4 5 0  1 8  1  . 2 5  2  2 .  5 2  2 1 .  0 8  
2  4  5 0  1 8  1  . 2 5  2  2 .  6 0  2 6 .  6 6  
2  4 5 0  1 8  1  . 2 5  .  2  2 .  4 3  2 0 .  6 1  
2  4 5 0  1 8  1  . 2 5  3  1 .  7 2  2 5 .  7 7  
2  4 5 0  1 8  1  . 2 5  3  1 .  8 7  2 7 .  6 4  
2  4  5 0  1 8  1  . 2 5  3  1 .  9 6  2 9 .  9 3  
2  4 5 0  1 8  1  . 2  5  4  2 .  1 8  3 6 .  1 0  
2  4  5 0  1 8  1  . 2 5  4  2 .  0 9  3 2 .  1 1  
2  4  5 0  1 8  1  . 2 5  4  2 .  1 7  3 5 .  6 0  
2  4 5 0  1 8  1  . 2 5  5  * 1 2 .  5 4  4 2 .  9 1  
2  4 5 0  1 8  1  . 2 5  5  * 1 0 .  6 2  3 9 .  8 9  
2  4 5 0  1 8  1  . 2 5  5  * 1 1 .  6  6  3 7 .  5 0  
2  4 5 0  2 2  1  . 0 0  1  5 .  7 1  1 7 .  3 8  
2  4 5 0  2 2  1  . 0 0  1  5 .  2 2  1 1 .  0 8  
2  4 5 0  2 2  1  . 0 0  1  5 .  6 1  1 4 .  8 6  
2  4 5 0  2 2  1  . 0 0  2  2 .  9 6  2 0 .  4 9  
2  4 5 0  2 2  1  . 0 0  2  3 .  0 1  2 4 .  3 2  
2  4 5 0  2 2  1  . 0 0  2  3 .  0 5  1 3 .  7 0  
^ - P E R C E N T  O F  S H E L L E D  C O R N  C O L L E C T E D  3 E Y D N D  C O N C A V E  E X T E N S I O N  
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G F  
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
LEP. VAR. RPM. M.C. C.C. ZONE SEP. INDEX OAMAGI 
w. e. IN.  % WT./IN.  SWT. 
1 2 450 22 1 .00 3 1.45 26.85 
2 2 450 22 1 .00 3 1.44 30.40 
3 2 450 22 1.00 3 1.37 23.65 
1 2 4 50 22 1.30 4 1. 66 30. 73 
2 2 450 22 1 .00 4 1.71 33.25 
3 2 450 22 1 .00 4 1. 62 41.73 
1 2 450 22 1 .00 5 * 9. 23 33. 15 
2 2 450 22 1.30 5 * 9.67 39.58 
3 2 450 22 1 .00 5 * 9. 03 40. 06 
1 2 450 22 1.25 1 3.37 15.23 
2 2 450 22 1.2 5 1 3. 31 10.66 
3 2 450 22 1.25 1 3.93 13.16 
1 2 4 50 22 1 .25 2 2.44 18.84 
2 2 4 50 22 1.25 2 2.31 23.05 
3 2 450 22 1 .25 2 2.68 15. 30 
1 2 450 22 1.25 3 1.86 31.34 
2 2 450 22 1 .25 3 2.07 30. 18 
3 2 450 22 1.25 3 1.63 28.00 
1 2 450 22 1 .25 4 2. 14 37.05 
2 2 450 22 1 .25 4 2.11 34.75 
3 2 450 22 1.25 4 2.04 31.05 
1 2 450 22 1 .25 5 *11.71 42.04 
2 2 450 22 1.25 5 *11.75 30.43 
3 2 4 50 22 1.25 5 *10.87 38.11 
^-PERCENT OF SHELLED CORN COLLECTED BEYDND CONCAVE EXTENSION 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. RPM. M.C. C.C.  ZONE SEP.INDEX OAMÛGI 
W.B. IN.  % WT. /  IN.  %WT. 
2 450 25 I  .30 1 4.93 9.57 
2 4 50 25 1 .00 1 5.78 16.27 
2 450 25 1 .00 1 5.21 12.97 
2 450 25 1  .30 2 3 .  17 25.00 
2 450 25 1.00 2 2.92 22.84 
2 450 25 1 .30 2 2.93 23.  53 
2 450 25 1.00 3 1.73 33.34 
2 4 50 25 1.00 3 1.65 31.72 
2 450 25 1.00 3 1.60 35.24 
2 450 25 1.00 4 1.  50 50.55 
2 450 25 1 .00 4 1.  55 46.34 
2 450 25 1 .00 4 1.61 48.46 
2 450 25 1 .00 5 * 9.  17 52.31 
2 450 25 1  .30 5 * 9.  12 43.  89 
2 450 25 1.30 5 *10.53 50.00 
2 450 25 1 .25 1 ? .  86 15.29 
2 450 25 1.25 1 3.21 13.64 
2 4 50 25 1.25 1 3.27 14.84 
2 4 50 25 1 .25 2 2. 56 20.  86 
2 4 50 25 1.25 2 2.66 26.61 
2 450 25 1.25 2 2.49 22.84 
2 450 25 1.25 3 1 .  86 27.70 
2 450 25 1.25 3 2.06 29.46 
2 450 25 1.25 3 1.95 29.67 
PERCENT OF SHELLED CORN COLLECTED BFYDNO CONCAVE EXTENSION 
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
R E P  
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
V A R .  P  P M .  M . C .  C  . C .  Z O N E  S E P .  I N D F X  D A M A G i  
W . B .  I N .  % W T  . / I N .  % W T .  
2  4 5 0  2 5  I  . 2 5  4  2 .  1 0  3 8 . 9 1  
2  4 5 0  2 5  1  . 2 5  4  1 .  9 2  4 0 . 5 2  
2  4 5 0  2 5  I  . 2 5  4  2 .  0 9  3 6 . 4 4  
2  4 5 0  2 5  1  . 2 5  5  * 1 2 .  6 6  4 8 . 5 1  
2  4 5 0  2 5  1  . 2 5  5  * 1 1 .  1 2  4 3 . 9 5  
2  4 5 0  2 5  1  . 2 5  5  * 1 1 .  4 8  4 7 . 5 8  
2  4 5 0  2 7  I  . 0 0  1  5 .  7 7  1 5 . 4 2  
2  4 5 0  2 7  1  . 3 0  1  5 .  1 1  1 6 .  5 3  
2  4 5 0  2 7  I  . 3 0  1  5 .  1 7  1 7 . 1 4  
2  4 5 0  2 7  1  . 0 0  2  3 .  0 0  2 3 . 7 0  
2  4  5 0  2 7  1  . 0 0  2  2 .  9 9  2 5 .  1 0  
2  4 5 0  2 7  1  . 0 0  2  3 .  0 4  2 8 . 2 7  
2  4 5 0  2 7  1  . 0 0  3  1 .  7 3  2 8 . 6 6  
2  4 5 0  2 7  I  . 0 0  3  1 .  8 1  3 7 . 9 2  
2  4 5 0  2 7  1  . 0 0  3  1 .  5 8  3 3 . 6 0  
2  4 5 0  2 7  1  . 0 0  4  1 .  4 3  4 2 .  6 9  
2  4 5 0  2 7  1  . 0 0  4  1 .  5 2  5 0 . 5 8  
2  4 5 0  2 7  1  . 0 0  4  1 .  6 2  4 7 . 3 3  
2  4 5 0  2 7  1  . 0 0  5  * 9 .  3 5  5 5 . 8 8  
2  4 5 0  2 7  1  . 0 0  5  * 9 .  5 4  4 9 . 8 4  
2  4 5 0  2 7  1  . 0 0  5  * 9 .  4 6  5 2 . 9 9  
2  4 5 0  2 7  1  . 2 5  L  3 .  3 6  1 8 . 5 7  
2  4 5 0  2 7  1  . 2 5  1  2 .  7 6  1 7 . 5 0  
2  4 5 0  2 7  1  . 2 5  1  3 .  5 9  1 9 .  8 6  
P E R C E N T  O F  S H E L L E D  C O R N  C O L L E C  T E D  B E Y O N D  C O N C A V E  E X T E N S I O N  
T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
REP 
1 
2 
3 
I 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. RPM. M.C. C.C.  ZONE SEP.INDEX DAMAGE 
W.B.  IN. % WT./IN.  %WT. 
2  450 27 1.25 2 2.47 25.95 
2 450 27 1.25 2 2.  30 24.42 
2 450 27 I  .25 2 2 .61 21.10 
2 450 27 1.25 3 2.  16 33.43 
2 450 27 1 .25 3 1.98 29.05 
2 450 27 1 .25 3 1.99 28.85 
2 4 50 27 1.25 4 1,93 41.43 
2 450 27 1  .25 4 2.23 44.10 
2 450 27 1.25 4 1.94 39.55 
2 450 27 1.25 5 *11.64 50.  85 
2 450 27 1.25 5 *12.92 50.91 
2 450 27 1.25 5 *10.83 42.08 
2 450 30 1 .00 1 5.  95 20.41 
2 450 30 1 .30 1 6.  13 19.83 
2 450 30 1 .30 1 5.  19 13.52 
2 450 30 I .00 2 3 .  14 33.15 
2 450 30 1.00 2 3 .  24 29.32 
2 450 30 1 .00 2 3.02 24.63 
2 450 30 1 .00 3 1.45 40.46 
2 450 30 1  .00 3 1.  49 39.50 
2 450 30 1.00 3 1.70 35.07 
2 450 30 1.00 4 1.48 51 .59 
2 450 30 1 .00 4 1.41 47.  61 
2 450 30 1 .30 4 1.61 48.33 
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T A B L E  A - I . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
R E P  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
SPECIFIC SEPARATION INDEX AND DAMAGE ALONG CONCAVE 
VAR. RPM. M.C. C.C.  ZONE SEP. INDEX DAMAG' 
• • • • 
W.B. IN.  % WT. /  IN.  %WT. 
2  450 30 1 .00 5 * 9.03 55.47 
2 4 50 30 I  .30 5 * 7.  95 53.42 
2 450 30 1 .00 5 * 8.66 54.23 
2 450 30 1 .25 1 3.  92 18.45 
2 4 50 30 1.25 1 4.05 15.69 
2 450 30 1 .25 1 3.  60 12.80 
2 450 30 .  1 .25 2 2.92 25.41 
2 4 50 30 1.25 2 3.04 23.97 
2 450 30 1 .25 2 3.02 21.93 
2 450 30 1 .25 3 2.03 37.76 
2 4 50 30 1.25 3 2.03 37.44 
2 4 50 30 1 .25 3 1.93 34.93 
2 450 30 1 .25 4 1.72 41.38 
2 450 30 1  .25 4 1.66 49.62 
2 450 30 1  .25 4 1.77 46.51 
2 450 30 1.25 5 » 9.  34 49.98 
2 450 30 1 .25 5 * 8.  29 47.25 
2 450 30 1.25 5 * 9.35 53.46 
2 600 18 1 .00 1 5.  78 25.  84 
2 600 18 1 .00 1 4.  89 23.31 
2 600 18 1 .00 1 5.65 22.03 
2 600 18 1 .30 2 3.00 32.  24 
2 6 00 18 1 .00 2 2.93 32.89 
2 600 18 1.00 2 3.  13 36.40 
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T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
REP 
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. RPM. M.C. C.C. ZONE SEP.INDEX OAMAG' 
• • • • W.B. IN. % WT./IN. %WT. 
2 600 18 1 .00 3 1. 17 40.08 
2 600 la 1 .00 3 1.51 47.31 
2 600 la 1 .00 3 1.40 45.69 
2 600 18 I .00 4 1.69 54.57 
2 600 18 1 .00 4 1. 74 59.49 
2 600 18 1 .00 4 1.48 59.86 
2 600 18 1.00 5 *10.77 63.18 
2 6 00 18 1 .00 5 *10.53 70. 24 
2 600 18 1 .30 5 *10.65 67.31 
2 600 18 1.25 1 3.62 26.66 
2 600 18 1 .25 1 3. 73 28.18 
2 600 18 1 .25 1 4. 04 30.16 
2 600 18 1 .25 2 2. 86 36.76 
2 600 18 1.25 2 2.73 33.71 
2 600 18 1.25 2 2. 75 35. 94 
2 600 18 1 .25 3 1. 57 39.37 
2 600 18 1.25 3 1. 75 44.73 
2 600 18 1 .25 3 1.78 42.69 
2 6 00 18 1.25 4 1.97 52 .25 
2 600 18 1.25 4 1.90 57.64 
2 600 18 1 .25 4 1.80 68. 33 
2 600 18 1.25 5 *11.60 63.30 
2 6 00 18 1.25 5 ^12.07 60. 96 
2 600 18 1.25 5 *11.88 65.15 
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T A B L E  A - 1 . . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
LEP. VAR. RPM. M.C. C.C. ZONE SFP. INDEX DAMAGI 
* # # W.B. IN. % WT./IN. %WT. 
1 2 600 22 1 .00 1 5.93 17.50 
2 2 600 22 1 .00 1 5. 78 18.38 
3 2 600 22 1.00 1 5.39 26.60 
1 2 600 22 1 .30 2 3.00 27.65 
2 2 6 00 22 I .00 2 3.10 29.37 
3 2 600 22 1 .00 2 2.97 . 22.06 
1 2 6 00 22 1 .00 3 1.51 33.43 
2 2 600 2 2 1 .00 3 1.45 27.23 
3 2 600 22 1 .00 3 1.44 40.96 
I 2 600 22 1 .00 4 1.59 42.01 
2 2 600 22 1.00 4 1.57 50.34 
3 2 6 00 22 I .00 4 1.59 45.78 
1 2 600 22 I .30 5 * 8.57 54.41 
2 2 6 00 22 1.00 5 * 8. 79 48.04 
3 2 600 22 1 .00 5 * 9.59 47.90 
I 2 600 22 1 .25 1 3.56 15.69 
2 2 600 22 1 .25 1 4. 09 16. 54 
3 2 600 22 1 .25 1 3. 24 16.73 
1 2 600 22 1 .25 2 2.72 21.13 
2 2 600 22 1 .25 2 2. 77 26. 94 
3 2 600 22 1 .25 2 2.62 21.87 
I 2 600 22 1.25 3 2. 13 28.85 
2 2 600 22 1 .25 3 1. 59 28.38 
3 2 600 22 1 .25 3 2.00 33.96 
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L O N G  C O N C A V E  
VAR. R PM. M.C. o
 
o
 
ZONE SEP. INDEX D^MAG 
W. B. IN. % WT./IN. ?WT. 
2 600 22 I .25 4 1.79 45. 70 
2 600 22 1 .25 4 1.94 43.31 
2 600 22 1.25 4 1.93 46.99 
2 600 22 1 .25 5 *10. 71 4R. 44 
2 600 22 1 .25 5 *1 I.25 49.62 
2 600 22 1.25 5 * 1 1. 20 52. 53 
2 6 00 25 1 .0 0 1 5.69 22.00 
2 600 25 1 .00 1 5. 63 22.70 
2 600 25 1 .30 1 6. 32 27. 24 
2 600 25 1 .00 2 3.03 30. 35 
2 600 25 1 .00 2 3. 09 26.12 
2 600 25 1 .30 2 3.12 33.62 
2 600 25 1.00 3 1.57 45.03 
2 6 00 25 1 .00 3 1. 55 40. 59 
2 600 25 I .00 3 1.43 36. 94 
2 600 25 1 .00 4 1.55 59.46 
2 600 25 1 .30 4 1.57 49.04 
2 600 25 1 .30 4 1.45 50.12 
2 600 25 1 .00 5 * B. 99 59. 81 
2 600 25 1 .00 5 IF 8. 59 51.40 
2 600 25 1 .00 5 * 8.69 62.56 
2 600 25 1 .25 1 3. 79 14. 60 
2 600 25 1 .25 1 3. 37 16.40 
2 600 25 1 .25 1 3. 54 19.10 
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S P E C I F I C  S E P A R A T I O N  I N D E X  A N D  D A M A G E  A L 3 N G  C O N C A V E  
VAR. P PM. M.C. C .C. ZONF SED. I NDEX DaYf\G' 
W. P. IN, % WT./IN. ?WT. 
2 6 00 25 1 .25 2 2. 79 25.70 
2 600 25 1 .25 2 2.77 29.00 
2 600 25 1 .25 2 2. 85 28.91 
2 6 00 25 1 .25 3 2. 17 37.00 
2 600 25 1.25 3 1.90 34.60 
2 600 25 1.25 3 1. no 35.40 
2 6 00 25 1 .25 4 1.67 51.09 
2 600 25 1 .25 4 1. 37 52.30 
2 600 25 1 .25 4 1.83 51.37 
2 600 25 1 .25 5 *10. 59 5 3.40 
2 600 25 1.25 5 *11.8? 58. 77 
2 600 25 1 .25 5 *10.80 5».79 
2 600 27 1.00 1 5.66 20.43 
2 600 27 1.00 1 5.25 24. 79 
2 6 00 27 1 .00 1 5.75 23.98 
2 600 27 1.00 2 3. 10 36.67 
2 600 27 1 .30 2 3.02 33.96 
2 600 27 1 .00 2 2.94 37. 86 
2 600 27 1 .00 3 1.75 40.06 
2 600 27 1 .00 3 1.72 43. 84 
2 600 27 1.00 3 1. 53 39.24 
2 600 27 1 .30 4 . 1. 39 56.98 
2 600 27 1 .30 4 1. 53 53.31 
2 600 27 1 .00 4 1.63 47.74 
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SPECIFIC SEPARATION INDEX AND DAMAGF ALONG CONCAVE 
;EP. VAR. RPM. M.C. C.C. ZONE SEP.INDEX OAMTIG! 
W.B. IN. % WT./IN. %WT. 
1 2 600 30 1 .00 3 1. 56 48.59 
2 2 6 00 30 1 .30 3 1.60 38.22 
3 2 600 30 1 .30 3 1.59 53.64 
I 2 600 30 I .30 4 1. 48 67.46 
2 2 600 30 1 .00 4 1.47 54.23 
3 2 600 30 1 .00 4 1.43 58.81 
1 2 600 30 1 .00 5 * 8. 77 70.70 
2 2 600 30 1 .30 5 * 8.42 71.04 
3 2 600 30 1 .00 5 * 8. 56 76.30 
I 2 600 30 1 .25 1 4.41 26.50 
2 2 6 00 30 1 .25 1 4. 20 28.40 
3 2 600 30 I .25 1 3. 59 29.00 
1 2 600 30 I .25 2 2.93 37.50 
2 2 600 30 1 .25 2 2.97 39.50 
3 2 600 30 1 .25 2 2. 83 36.00 
1 2 600 30 1.25 3 1.89 44.90 
2 2 600 30 1 .25 3 1. 97 47.50 
3 2 600 30 1.25 3 2.04 49.70 
I 2 600 30 1.25 4 1. 74 58.50 
2 2 600 30 1 .25 4 1.66 61.00 
3 2 600 30 1 .25 4 1.81 53.00 
1 2 600 30 1.25 5 * 8. 62 64.00 
2 2 600 30 1 .25 5 * 9.22 67.00 
3 2 600 30 1.25 5 * 9.46 68.00 
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Figure B-1. Octagonal transducer calibration curve in the vertical 
direction. 
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Figure B-2. Octagonal transducer calibration curve in 
direction. 
the horizontal 
Table B-1. Damage data for different orientations 
Orientation 
Moisture Random (% damage) Roll-in (% damage) Tip-in (% damage) 
content Rep ]. Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3 
18.0 38.0 37.0 40.0 22.0 25.0 24.0 47.5 45.0 46.0 
20.0 38.5 32.0 34.5 23.0 20.5 22.0 46.5 44.5 42.5 
22.0 30.0 33.5 35.0 25.0 23.0 21.5 41.5 43.0 45.0 
24.0 37.5 35.5 32.5 24.5 23.5 27.5 45.5 49.0 44.5 
26.0 44.0 35.0 38.5 27.0 22.5 25.5 50.0 48.5 47.5 
28.0 40.0 43.0 42.0 28.0 32.5 29.5 48.5 53.0 54.5 
30.0 47.0 41.5 45.5 39.5 30.0 33.0 61.0 56.5 58.0 
Table B-2. Concave forces for roll-ln orientation 
Wrap Front Front 
Frame angle vert. horiz. 
number degrees R, Ry F, Rx 
Rear Rear 
vert. horiz. Normal Tangential 
R, Fy R, Fx Fn Ft 
0 0 0 0 0 0 0 0 
80 4 11.4 19.4 8.55 29.10 50.0 16.0 
115 8.5 19.95 34.9 12.825 38.80 74.8 27.5 
180 14.5 31.35 48.50 19.95 42.68 98.5 36.0 
200 22.5 42.75 62.08 22.80 48.50 122.5 57.5 
220 27.5 45.03 71.78 21.37 54.32 116.5 81.0 
240 33.5 45.60 77.60 19.95 40.74 105.6 86.0 
270 39.5 41.32 87.30 24.22 38.80 96.0 102.5 
285 45 38.47 100.88 19.95 34.92 81.0 125.0 
345 49 34.20 106.70 25.08 23.28 72.5 122.0 
Extrapolated 
53 25.65 97.00 17.10 19.40 47.0 114.0 
57 19.95 77.60 16.53 9.70 32.5 89.0 
61 12.825 77.6 14.25 3.88 19.0 84.0 
65 9.975 48.50 7.125 0 7.0 49.0 
69 7.125 38.80 7.125 0 5.0 37.0 
73 2.85 38.80 8.55 0 33.80 37.4( 
77 0 29.1 9.975 0 27.90 27.4( 
81 0 15.50 2.850 0 16.00 15.4! 
85 0 0 0 0 11.3 9.3( 
89 0 0 0 0 0 0 
Table B-3. Concave forces for tip-in orientation 
Wrap Front Front Rear Rear 
Frame angle vert. horiz. vert. horiz. . Normal Tangential 
number degrees F, Fy F, Fx R. Fy R, Fx FN Ft 
0 0 0 0 0 0 0 0 
80 0 2.85 19.4 3.99 0 19.5 5.0 
160 6.5 7.41 29.1 6.27 9.70 39.8 14.0 
200 4.5 12.54 29.1 6.27 15.52 45.0 14.0 
280 4.5 19.15 34.9 5.9 19.40 58.0 15.0 
350 7 14.82 38.80 8.55 36.8 72.5 34.0 
430 12 10.26 54.3 8.2 40.7 78.0 57.5 
480 17 10.26 38.8 9.12 42.68 65.0 52.0 
560 21.5 9.69 58.2 10.83 77.60 94.5 105.0 
600 26 9.69 48.5 17.10 69.84 79.5 90.5 
630 32 8.2 67.9 14.10 58.2 70.0 106.0 
650 36 7.06 87.3 14.20 42.68 63.0 114.0 
680 40 6.27 87.3 12.5 54.32 55.0 105.0 
745 47 5.47 58.2 11.40 19.40 27.0 74.8 
Extrapolated 
55 3.99 44.62 9.12 9.70 13.11 54.3 
62 1.7 29.10 9.12 3.88 7.0 32.5 
69 0.57 9.70 6.84 0 6.0 12.00 
76 0 0 3.42 0 2.06 2.40 
83 0 0 2.50 0 1.62 1.90 
90 0 0 0 0 0 0 
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APPENDIX C: DAMAGE EVALUATION DATA 
FIGURE C-1 FORTRAN PROGRAM TO COMPUTE TIME OF RELAXATION 
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CCPFUTATICN OF TIME OF RELAXATION BY THE 
SUCCESSIVE RESIDUAL METhCD 
NCTATICNS 
kUP=hUfBER OF PCINTS CN THE ORIGINAL CURVE 
>{I)=X CCCRDINATE AT ITF POINT 
YII)=Y COORDINATE AT ITh POINT 
AY (I ) = NATURAL LOG OF Yd) 
E(I)=Y COORDINATE OF TANGENT AT ITH POINT 
Rtl)=RESICUAL AT ITh POINT 
C(J)=Y INTERCEPT OF JTH TANGENT 
S(J)=SLCPc OF JTH TANGENT TO CURVE ON SEMILOG PAPER 
TAL(J)=TIfE OF RELAXATION CONTRIBUTED BY JTH TANGENT 
SI^PLOTTEB *AS USED TO PLOT THE CURVES 
[ATA CARC CRCER 
FIRST CARD CONTAINS NUMBER UF POINTS GN THE CURVE 
IN COLUMN 1-5 
FCLLCwING CARDS CONTAIN X-COURDINATES 
FOLLOWING CARDS CONTAIN Y-COORDI NATES 
CI MENS ION X(lOJ)tYtlOJ)fAY(ICÛ)fB(100),3(100),P(100),R(10J), 
IF(100)IAF(100)fTAUdO)tC(IO)tYC(lOOtiO)* A(3)t S(IOO)»D(IGJ) 
DlfENSILN XL(3),YL(5),GLI5),DL(5) 
REACI5,1C) .\UM 
IC FCRMAT(I5) 
fiEA0(5,2C) (X(I),I=1,NUM) 
REAC(5f2C) (Y(I),I=1,NUM) 
20 FCFMAT(8F10.4) 
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0C76 
0C77 
0C78 
0079 
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o c e i  
0062 
0G63 
0C64 
OCfiS 
0C66 
0C67 
0C68 
0C89 
0090 
C091 
0C92 
0C93 
0CS4 
OOCl 
0CC2 
00C3 
0CC4 
0CC5 
0CC6 
00C7 
0CC8 
0CC9 
0010 
0 0 1 1  
145 CCNTINUE 
hRITE(6,148f 
148 FCRMATI• l',5X,'I',5X,'FIRST',7X,'SECOND',7X,'THIAD',6X,'FOURTH",6X, 
1'FIFTH',6X,'CCMPLTEO',3X,'ORIGINAL',7X,'ERROR',/lOX, 
2'CXPCNENT. cXPCNENT. EXPONENT. EXPONENT. EXPONENT. CUR 
3VE CURVE LBS.'/) 
CC 150 1=1,NUM 
hRITE(6,16C) I,(YC(I,J),J=l,5),F{Î),P(I),D(I) 
160 FCRMAT(2X,I3,8F12.4) 
150 CCNTINUE 
WFITE(6, 151)(C(J),J = 1,5) 
151 FCRMAT(3/,'C(J)',2X,5F12.6) 
WRITE(6,152) (S(J),J=1,5) 
15 2 FCRMAT(3%,'b(J)',4Fi2.4,2X,F10.4) 
hFITE(6,153) ITAo(J),J = 1 ,5J 
152 FCFMAT(1X,*TAU(J)',5F12.4) 
CC 170 1=1,NUM 
17C AFII)=ALCG(F(I)) 
KS = 2 
yCCE=3 
NfTS=NUM 
REfO(5,51)DL 
CfLL GRAFHS(NPTS,X,AF,2,103,0L) 
STCP . 
ENC 
S19R0UTINE ALPHA (Y,NPTS,NUM3) 
CIKcNSICN YllOO) 
NLM3=0 
[  =  2 . 0  
CC 5 I = 1,.\FTS 
C=Y(I) 
IF (Q.LT.D)GC TO 10 
5 CCNTINUE 
10 NLPB=NFTS-(I-1) 
RETURN 
tNC 
1 
2 
3 
1 
I 
3 
1 
2 
3 
I 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
A • I 
IN. 
. 00 
. 50 
. 50 
. 30 
. 00 
. 00 
. 50 
. 0 0  
. 00 
. 50 
. 20 
. 20 
. 00 
. 20 
. 50 
. 50 
.40 
. 00 
. 00 
. 50 
. 00 
. 20 
. 00 
, .  20 
T A R L E  C - I .  V I  S C 0 - R H E 0 1 . 0 G I C A L  S T U D I E S  D A T A  
LOAD R.Û.S. MOIST. DAMAGE DENSITY STRAIN COM.ENERGY 
LB. CM/MIN W.B. %WT. GM/C.C. CM/CM. IN.-LB. 
1000 2.0 18 0.0 0.602 0.225 232.50 
1000 2.0 IB 0.0 0.598 0.235 225.00 
10UÙ 2.0 18 0.0 0.617 0.2 30 242.50 
1000 2.0 18 10.0 0.584 0.245 252.50 
1000 2. 0 18 10.0 0.594 0.243 250.00 
1000 2.0 18 10.0 0.604 0.235 237.50 
1000 2.0 18 20.0 0.590 0.240 250.00 
1000 2.0 1 8 20.0 0.597 0.235 256.00 
1000 2.0 18 20.0 0.602 0.240 257.50 
1000 2.0 18 30.0 0. 585 0.248 270.00 
1000 2. 0 13 30.0 0.589 0.245 250.00 
1000 2.0 18 30.0 0. 598 0.240 240.00 
ICOO 2.0 18 40.0 0.577 0.260 275.00 
lOCO 2.0 18 40.0 0.581 0.265 272.00 
1000 2.0 1 8 40.0 0.594 0.255 262.50 
1000 2.0 18 50.0 0.588 0.252 251.00 
1000 2.0 18 50.0 0.582 0.247 2 37.00 
1000 2.0 13 50.0 0. 576 0.260 240.00 
ICOO 2.0 24 0.0 0.548 ' 0.330 349.00 
1000 2.0 24 0.0 0.530 0.328 355.00 
1000 2.0 24 0.0 0.534 0.320 357.00 
1000 2.0 24 10.0 0.524 0.3 50 3 30.00 
1000 2.0 24 10.0 0.531 0.337 340.00 
1000 2.0 24 10.0 0.542 0.340 342.00 
T A B L E  C - 1 . . . 0 A T A  C O N T I N U E D  O N  N E X T  P A G E  
LB. 
1000 
1000 
1000 
1000 
ICOO 
1000 
ICOO 
ICOO 
1000 
1000 
1000 
1000 
1000 
ICOO 
1000 
ICOO 
1000 
1000 
1000 
1000 
ICOO 
1000 
lOCO 
1000 
V I S C Q - R H E Q L O G I C A L  S T U D I E S  D A T A  
R • vj • S • 
CM/MIN 
2 .0  
2 . 0  
2 . 0  
2 . 0  
2.0 
2 .0  
2.0 
2.0 
2 .0  
2.0 
2 . 0  
2 . 0  
2 .0  
2 .0  
2 .0  
2 .  0  
2 .0  
2 .0  
2 . 0  
2 .0  
2 . 0  
2 .0  
2 . 0  
2 .0  
MOIST, 
W • 3 . 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
29 
DAMAGE 
SWT. 
2 0 . 0  
20 .0  
2 0 . 0  
30.0 
30.0 
30.0 
40.0 
40.0 
40.0 
50.0 
50.0 
30.0 
0 . 0  
0 . 0  
0 . 0  
1 0 . 0  
10.0 
10.0 
20 .0  
2 0 . 0  
2 0 . 0  
30.0 
30.0 
30.0 
DSNS ITY 
GM/C.C. 
0. 526 
0.531 
0.538 
0. 522 
0.527 
0. 533 
0.534 
0.5 20 
0. 534 
0.520 
0. 506 
0.514 
Ù.5C0 
0.49 2 
0. 501 
0.498 
0. 434 
0.490 
0.480 
0.487 
J.489 
0.476 
0.482 
0.488 
STRAIN COM.ENERGY 
CM/CM. 
0.362 
0.348 
0.337 
0.355 
0.360 
0.365 
0.343 
0.357 
0.370 
0.340 
0.350 
0.365 
0.413 
0.425 
0.430 
0.420 
0.428 
0.435 
0.432 
0.440 
0.441 
0.450 
0.427 
0.432 
IN.-LB. 
310.00 
352.00 
347.00 
325.00 
3 3 3.00 
343.00 
305.00 
312.00 
320.00 
310.00 
305.00 
335.00 
360.00 
345.00 
3 52.00 
345.00 
360. 00 
365.00 
325.00 
340.00 
335.00 
355.00 
327.00 
305.00 
RELX.TIME 
MI N. 
30. 30 
28.40 
32. 00 
27. 50 
34. 50 
29.00 
27. 00 
30.00 
31. 50 
22. 50 
25.00 
28. 00 
33. 50 
31.20 
30. 00 
24. 50 
26. 00 
31.20 
2 8 . 0 0  
27. 00 
25.00 
27.20 
26. 50 
24. 00 
N3 
O 
00 
T A B L E  C - 1 . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
V I S C O - R H E O L O G I C A L  S T U D I E S  D A T A  
LCAÛ R.O.S. MOIST. DAMAGE DENSITY STRAI N COM.ENERGY RELX.TIME 
LB. CM/MIN W . B. %WT. GM/C.C. CM/CM. IN.-LB. MIN. 
1000 2.0 29 40.0 0.476 0.437 332.00 29. 00 
1000 2. 0 29 40.0 0.464 0.438 317.00 26. 00 
1000 2.0 29 40.0 0.471 0.432 312.00 24. 00 
1000 2.0 29 50.0 0.464 0.450 307.00 21.00 
1000 2.0 29 50.0 0.46 8 0.44 7 320.00 22.50 
1000 2.0 29 50.0 0.476 0.443 305.00 25. 00 
1000 5.0 18 0.0 0. 600 0.232 310.00 35.00 
1000 5.0 18 0.0 0.611 0.247 280.00 37.20 
1000 5. 0 18 0. 0 0.610 0.252 305.00 31.20 
1000 5.0 18 10.0 0.584 0.245 250.00 28. 50 
1000 5.0 18 10.0 0.594 0.247 270.00 30. 00 
ICOO 5.0 18 10.0 0. 60C 0.252 225.00 33. 00 
ICOO 5.0 18 20.0 0.580 0.250 200.00 35.00 
ICOO 5.0 18 20.0 0.594 0.253 270.00 32. 00 
1000 5.0 18 20.0 0. 593 0.262 240.00 30. 20 
1000 5.0 18 30.0 0.582 0.245 225.00 30. 50 
1000 5.0 18 30.0 0.57 7 0.260 215.00 31.00 
1000 5.0 18 30.0 0. 595 0.270 185.00 23. 50 
1000 5.0 1 8 40.0 0. 568 0.275 230.00 25. 50 
1000 5.0 18 40.0 0.579 0.255 210.00 27.80 
1000 5.0 18 40.0 0.574 0.270 190.00 31. 00 
1000 5.0 18 30.0 0.564 0.270 165.00 31. 60 
1000 5.0 1 9 50.0 0.580 0.287 195.00 29.00 
1000 5.0 18 50.0 0.589 0.275 210.00 27.00 
N3 
O 
VO 
T A B L E  C - I . . . O A T A  C O N T I N U E D  O N  N E X T  P A G E  
LOAD 
LB. 
1000 
1000  
1000 
1000 
ICOO 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
ICOO 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
1000 
V I S C O - R H E O L G G I C A L  S T U D I E S  D A T A  
• 0 • S • MOIST. DAMAGE • ENS ITY STRAIN COM.ENERGY RELX.TIME 
M/M IN W .3 . %WT. GM/C .0. CM/CM. IN.—LB. MIN. 
5.0 24 0.0 0.532 0.345 400.00 32. 20 
5.0 24 0.0 0.537 0.332 425.00 37. 50 
5.0 24 0.0 0. 543 0.348 395.00 34. 40 
5.0 24 10.0 0.52 7 0.344 395.00 28. 80 
5.0 24 10.0 0.534 0.330 355.00 31.20 
5.0 24 10.0 0.53 8 0.360 370.00 29. 80 
5.0 24 20.0 0.512 0.371 397.00 30. 50 
5. 0 24 20.0 0.5 19 0.369 380.00 26. 20 
5.0 24 20.0 0.52 1 0.357 367.00 27.50 
5. 0 24 30.0 0.507 0.360 375.00 26. 00 
5.0 24 30.0 0.51 5 0.365 355.00 28. 00 
5.0 24 30.0 0.515 0.375 360.00 31.00 
5.0 24 40.0 0.520 0.3 70 352.00 29. 60 
5.0 24 40.0 0.517 0.377 370.00 30. 50 
5.0 24 40.0 0.508 0.360 375.00 32. 00 
5.0 24 50.0 0. 504 0.369 320.00 24. 80 
5.0 24 50.0 0.533 0. 367 3 3 5.00 27. 00 
5.0 24 50.0 0. 52 1 0.385 365.00 28.00 
5.0 29 0.0 0. 502 0. 337 412.00 32. 40 
5.0 29 0.0 0.486 0.400 417.00 30.00 
5.0 29 0.0 0.491 0.410 395.00 31.00 
5.0 29 10.0 J.480 0.392 397.00 24. 20 
5.0 29 10.0 0.486 0.400 3 70.00 32.00 
5.0 29 10.0 0.474 0.411 340.00 26. 00 
SJ 
M 
O 
T A B L E  C - 1 . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
A • I 
IN. 
. 00 
. 40 
. 00 
. 50 
.  20 
. 00 
. 00 
. 00 
. 50 
. 00 
.40 
. 00 
. 00 
. 40 
. 50 
. 00 
. 00 
. 00 
. 00 
.  20 
. 50 
. 50 
.  20 
.40 
V Î S C Û - R H E O L O G I C A L  S T U D I E S  D A T A  
LOAD R . 0. S . MOIST. DAMAGE DENS IT Y STRAIN COM. ENERI 
LB. CM/MIN w« d. %WT. G M / C .  CM/CM. IN.-LB 
1000 5.0 29 20.0 0.470 0.420 320.00 
1000 5.0 29 20.0 0.483 0.402 332.00 
1000 5. 0 29 20.0 0.491 3.412 3 70.00 
1000 5.0 29 30.0 0.484 0.410 315.00 
1000 5.0 29 30.0 0.434 0.427 400.00 
1000 5.0 29 30.0 0.474 0.435 340.00 
1000 5.0 29 40.0 0.484 0.421 280.00 
1000 5. 0 29 40.0 0.486 0.412 310.00 
1000 5.0 29 40.0 0.4 70 0.430 305.00 
1000 5 . 0  29 50.0 0.474 0.417 365.00 
1000 5.0 29 50.0 0.484 0.423 280.00 
1000 5.0 29 50.0 0.494 0.427 265.00 
2000 2.0 18 0.0 0.620 0.305 700.00 
2C00 2.0 18 0.0 0.607 J.320 710.00 
2000 2.0 18 0.0 0.609 0.327 680.00 
2000 2.0 18 10.0 0.602 0.332 620.00 
2000 2.0 18 10.0 0.59 7 0.317 647.00 
2000 2.0 18 10.0 0.592 0. 308 670.00 
2000 2. 0 18 20.0 0.602 0.312 665.00 
2000 2.0 18 20.0 0.606 0.322 580.00 
2C00 2. 0 18 20.0 0.593 0.338 550.00 
2000 2.0 18 30.0 0.590 0.327 5 80.00 
2000 2.0 18 30.0 0.608 0.312 592.00 
2000 2. 0 18 30.0 0.605 0.315 680.00 
T A B L E  C - 1 . . . D A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
I 
2 
3 
A • 1 
IN. 
. 2 0  
. 50 
. 50 
. 50 
. 20 
.  20 
.  00 
. 00 
. 50 
. 80 
. 50 
. 0 0  
.  80 
.  00 
. 00 
. 50 
.  00 
. 00 
.  00 
. 00 
. 00 
. 50 
.  00 
. 00 
V I S C O - R H E O L O G I C A L  S T U D I E S  D A T A  
LOAD R.O.S. MOisr. DAMAGE DENS IT Y STRAIN COM.ENERI 
LB. CM/MIN W . B . %dT. GM/C.C. CM/CM. IN.-LB 
2000 2.0 18 40.0 0.601 0.322 547.00 
2000 2.0 13 40.0 0.605 0.320 602.00 
2000 2.0 IB 40.0 0.584 0.333 620.00 
2000 2.0 18 50.0 0.588 0.351 590.00 
2000 2.0 18 50.0 0.577 0.349 510.00 
2000 2.0 18 50.0 0.573 0.335 540.00 
2000 2.0 24 0.0 0.541 0.448 695.00 
2000 2.0 24 0.0 0. 550 0.435 680.00 
2000 2.0 24 0.0 0. 553 0.413 675.00 
2000 2.0 24 10.0 0. 540 0.435 614.00 
2000 2.0 24 10.0 0.548 0.410 650.00 
2000 2.0 24 10.0 0.532 0.415 635.00 
2000 2.0 24 20.0 0.538 0.420 600.00 
2000 2.0 24 20.0 0.529 0.414 620.00 
2000 2.0 24 20.0 0.531 0.400 590.00 
2000 2.0 24 30.0 0.532 0.399 580.00 
2000 2.0 24 30.0 0.532 0.394 600.00 
2000 2.0 24 30.0 0.546 0.412 614.00 
2C00 2.0 24 40.0 0.516 0.395 624.00 
2000 2.0 24 40.0 0.526 0.408 610.00 
2 000 2.0 24 40.0 0.532 0.412 570.00 
2000 2.0 24 50.0 0.520 0.390 600.00 
2000 2.0 24 50.0 0.530 0.405 595.00 
2000 2.0 24 50.0 0.53 2 0.410 560.00 
T A B L E  C - 1 . . . 0 A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
3 
1 
2 
3 
J. 
2 
3 
.1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
V I S C O - R H E Û L O G I C A L  S T U D I E S  D A T A  
LOAD R.3.S. MOIST. DAMAGE DENS IT Y STRAIN COM.ENERGY RELX.TIME 
LB. CM/MIN W.B. SWT. GM/C.C. CM/CM. IN.-LB. MI N. 
2000 2.0 29 0.0 0.489 0.475 640.00 32. 50 
2000 2.0 29 0.0 0.510 0.482 622.00 35.00 
2000 2.0 2 9  0.0 0.518 0.467 614.00 34. 50 
2000 2.0 29 10.0 0.487 0.477 600.00 27. 20 
2000 2.0 29 10.0 0.506 0.470 615.00 32. 00 
2000 2.0 29 10.0 0.511 0 .4o5 595.00 33. 50 
2000 2. 0 29 20.0 0.502 0.474 590.00 30. 50 
2000 2.0 29 20.0 0.49 6 0.474 560.00 26. 00 
2000 2.0 29 20.0 0.488 0.455 605.00 28. 50 
2000 2.0 29 30.0 0. 509 0.475 570.00 30.00 
2000 2.0 29 30.0 0.4 86 0.460 595.00 32. 00 
2000 2.0 29 30.0 0.493 0.450 595.00 34. 40 
2000 2.0 29 40.0 0. 502 0.445 550.00 35.00 
2000 2.0 29 40.0 0.496 0.456 5 70.00 39. 00 
2000 2.0 29 40,0 0.491 0.460 565.00 37.00 
2000 2.0 29 50.0 0.489 0.455 550.00 43.40 
2000 2.0 29 50.0 0.502 0.456 570.00 45. 00 
2000 2.0 29 50.0 0. 493 0.465 540.00 47. 00 
2000 5.0 18 0.0 0.600 0.302 700.00 44. 00 
2000 5.0 18 0.0 0.609 0.310 650.00 46.00 
2000 5.0 18 0.0 0.614 0.330 620.00 42. 50 
2C0U 5.0 18 10.0 0.606 0.325 710.00 35.00 
2000 5.0 10 10.0 0.600 0.325 695.00 38. 40 
20C0 5.0 18 10.0 0. 590 0.315 690.00 39.00 
T A B L E  C - 1 . . . 0 A T A  C O N T I N U E D  O N  N E X T  P A G E  
LOAD 
LB. 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2000 
2CU0 
2000 
2000 
2000 
2000 
2000 
2C00 
2000 
2000 
2000 
2000 
2000 
2000 
V I S C O - R H E O L O G I C A L  S T U D I E S  D A T A  
:.J,S. MOIST. DAMAGE DENS ITY STRAIN COM,ENERGY RELX.T 
;y/MiN W.B. %WT. GM/C .C . CM/CM. IN.-LB. MIN. 
5.0 18 20.0 0.600 0.325 700.00 31. 80 
5.0 18 20.0 0.586 0.310 650.00 33. 50 
5.0 18 20.0 0.599 0.312 560.00 36. 00 
5.0 18 30.0 0.6C0 0.325 640.00 38. 20 
5.0 18 30.0 0.578 0.320 550.00 36. 50 
5.0 18 30.0 0.569 0.315 530.00 35. 00 
5.0 18 40.0 0.590 0.325 660.00 41.00 
5.0 13 40.0 0.583 0.335 580.00 39. 00 
5.0 18 40.0 0.576 0.320 540.00 38. 50 
5.0 18 50.0 0.564 0.330 635.00 42.50 
5.0 18 50.0 0.577 0.340 575.00 46. 00 
5.0 18 50.0 0.588 0.355 525.00 44. 50 
5.0 24 0.0 0.546 0.395 780.00 48. 00 
5.0 24 0.0 0.552 0.407 705.00 45. 00 
5.0 24 0.0 0.530 0.413 740.00 46. 50 
5.0 24 10.0 0. 538 0.397 725.00 35.00 
5.0 24 10.0 0.537 0.406 750.00 33. 50 
5.0 24 10.0 0. 546 0.393 76 5.00 31. 80 
5.0 24 20.0 0. 534 0.390 670.00 33. 00 
5.0 24 20.0 0.537 0.398 680.00 35. 00 
5.0 24 20.0 0.543 0.412 720.00 36. 50 
5.0 24 30.0 0.540 0.410 710.00 39. 00 
5.0 24 30.0 0.544 0.395 735.00 35. 00 
5.0 24 30.0 0.531 0.385 775.00 37. 50 
T A B L E  C - 1 . . . 0 A T A  C O N T I N U E D  O N  N E X T  P A G E  
1 
2 
2 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
1 
2 
3 
V I S C O - R H E Û L O G I C A L  S T U D I E S  D A T A  
LOAD R.G.S. MOIST. DAMAGE DENS IT Y STRAIN COM.ENERGY RELX.T 
LB. CM/MIN W.8. %WT. GM/C.C. CM/CM. IN.—LB. MI N. 
2000 5.0 24 40.0 0. 520 0.400 640.00 39. 80 
2000 5.0 24 40.0 0.536 0.395 725.00 41. 50 
2000 3.0 24 40.0 0.519 0.385 760.00 44. 20 
2000 5.0 24 50.0 0.530 0.398 695.00 47. 50 
2000 5.0 24 50.0 0.535 0.380 705.00 51. 20 
20CO 5.0 24 50.0 0.514 0.382 728.00 52.50 
2000 5.0 29 0.0 0.51 8 0.475 760.00 50.00 
2000 5.0 29 0.0 0.499 0.46 5 775.00 47. 00 
2000 5.0 29 0.0 0.49 7 0.460 675.00 44. 50 
2000 5.0 29 10.0 0.516 0.472 665.00 33. 00 
2000 5.0 29 10.0 0.5C0 0.465 720.00 35.50 
2uOO 5.0 29 10.0 0.494 0.455 760.00 39. 00 
2000 5.0 29 20.0 0.502 0.460 555.00 31.00 
2000 5.0 29 20.0 0.50b 0.455 595.00 32.50 
2000 5.0 29 20.0 0.510 0.445 660.00 35.00 
2000 5. 0 29 30.0 0.493 0.475 607.00 32. 00 
2000 5.0 29 .30.0 0.497 0.465 642.00 35.50 
2000 5.0 29 30.0 0.540 0.450 678.00 37.00 
2000 5.0 29 40.0 0.505 0.460 635.00 41. 50 
2000 5.0 29 40.0 0.494 0.455 645.00 39. 00 
2000 5.0 29 40.0 0.488 0.442 715.00 32. 50 
2000 5.0 29 50.0 0.495 0.455 530.00 53. 20 
2000 5.0 29 50.0 0.49 I 0.465 575.00 50. 00 
2000 5.0 29 50.0 0.482 0.448 640.00 45. 50 
